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ABSTRACT 


A recording infrared absorption hygrometer which measures the absolute humidity in a 1l-meter light path is 


described. Record is obtained on a remote self-balancing potentiometer. 
Isolation is by means of transmission type interference band-pass light 


absorption band and a 1.24 uw reference band. 
filters. 


Infrared detection is by means of a lead sulfide photocell and amplifier. 


Use is made of the 1.37 » water vapor 


Isolation filters are contained on a 


sector wheel which is rotated to chop an infrared beam. A self-balancing null system is employed whereby the energy 


in the absorption band is kept equal to the energy in the reference band at all times. 


Balance is maintained by auto- 


matically varying the temperature of the lamp supplying the infrared energy, and the temperature of the lamp is a 


measure of the water vapor in the sensing path. 
photocell, and meter or recorder. 
at the Weather Bureau Laboratories, Washington, D. C. 
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INTRODUCTION 


In a recent paper the National Bureau of Standards lists 
fifteen distinct methods for measuring atmospheric water 
vapor [1]. In addition to describing the principles of 
operation of the hygrometers commonly employed by the 
meteorologist, the paper gives many references to other 
instruments, including those which are inherently suitable 
for use only in the laboratory. In pointing out the de- 


An index of the lamp temperature is obtained by means of a monitor 
Included is a discussion on the calibration and field tests made on the instrument 


ficiencies of the more commonly used schemes for measur- 
ing water vapor the publication emphasizes the need for 
further instrumental development in this field, especially 
equipment for measuring water vapor at low temperatures. 
Of those methods now available only the dew point in- 
dicator seems to have any promise of meeting require- 
ments; current dew point instruments, however, are com- 
plicated in design and operation and have two primary 
defects as yet not completely eliminated. One is the 
uncertainty at temperatures below 0° C. as to whether 
ice or supercooled water forms on the sensing surface. 
The other is the lack of adequate reliability in any but 
research instruments in measuring relative humidity or 
dew point at low temperatures. 

The less common hygrometric methods such as the 
gravametric, optical, chemical, etc., while of extreme 
importance in certain specialized work, in general, have 
been used by the meteorologist only on an experimental 
basis. The reason for this is that equipment built around 
these methods has been unacceptable to the meteorologist 
either because of its complexity or the time involved in 
making measurements. In general these less common 
methods can be classed as laboratory equipment unsuited 
for general meteorological application. 
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ADVANTAGES OF ABSORPTION[SPECTRA METHOD 


One of the less common methods, however, because of its 
inherent advantages bears further consideration. This is 
the absorption spectra method. Fundamentally this is an 
optical method based on the absorption effected by water 
vapor in certain spectral regions. Basically the absorption 
spectra instrument comprises a beam of energy and some 
scheme for measuring the attenuation of this beam due to 
the presence of water vapor. The absorption spectra 
instrument has several advantages not found in other 
hygrometers. First, as to the matter of sampling, it is 
possible to sample instantaneously any desired path 
length of atmosphere from a few inches to thousands of 
feet, and in so doing arrive at an integrated value of the 
absolute humidity in the path in question. If the path is 
appreciable, the value obtained is more representative 
than that obtained by spot sampling. Second, the method 
has an advantage over others because of the nature of the 
absorption function. Surprisingly enough, the absorption 
function results in an increase of sensitivity of the measur- 
ing equipment as the humidity concentration decreases. 
In contrast, the psychrometer, hair hygrometer, electrical 
hygrometer, and even the dew point apparatus all become 
less sensitive or more difficult to operate as the air temper- 
ature falls and the humidity becomes less. Since no 
change of state is involved in the absorption spectra 
method the equipment will operate as well below the 
freezing point as above it. Third, the speed of response is 
limited only by the speed of the indicator or recorder. 
This makes the method ideal for use in measuring humid- 
ity from an airplane or under any circumstance where 
rapid changes of humidity can occur. Finally, the 
method in no way alters the sample concentration by 
either adding or subtracting water or changing the state 
of any part of the sample as occurs in the psychrometric 
or dew point methods. 

Because of these outstanding advantages the Weather 
Bureau has for some time been interested in developing 
an absorption spectra hygrometer which would be simple 
and dependable enough for special if not general meteor- 
ological service. A paper entitled, “A Spectroscopic 
Hygrometer’ describes earlier work by the Weather 
Bureau along this line [2]. In this work the instrumental 
equipment consisted primarily of a transmission grating 
spectrophotometer and a tungsten lamp projector. Vac- 
uum radiation thermocouples and a high sensitivity gal- 
vanometer were employed to measure the spectral energy. 
Although this system gave good results in making water 
vapor measurements over paths up to 150 feet, because of 
the galvanometer equipment it could not be considered 
satisfactory for field use. 


NEW DEVELOPMENTS 


This earlier work indicated clearly that if an infrared 
absorption hygrometer is to be suitable for general service, 
it must comprise the simplest of optical components and 


employ an infrared detector which will operate in op. 
junction with an a-c amplifier. Recently the possibility 
of meeting these design requirements has been greatly 
enhanced through the development of two devices. Thes: 
devices are the transmission type interference narpoy 
band-pass light filter and the photoconductive lead sulfid 
cell. 


The transmission type narrow band-pass light filte 
consists of two highly reflecting but partially transmitting 
films of silver separated by a transparent spacer film 
deposited on a glass plate and protected by a cover glass 
The separation of the silver films determines the way 
length position of the pass band. Where the optical 
separation of the silver films is effectively a half-way, 
length or a multiple of half-wave lengths apart, there js 
high transmission, but light of other wave lengths js 
reflected rather than transmitted. Filters of this typ 
have been available commercially for several years, but 
it has been only recently that they have become available 
with pass-bands out in the infrared where the deep water 
vapor absorption bands are located [3 and 4]. The» 
infrared filters simplify the design of absorption spectr 
equipment since through their use an entire spectropho- 
tometer can be replaced by an appropriate pair of light 
filters and a simple collimating system. In using suc 
filters auxiliary filters are required to eliminate undesirabk 
pass bands either of higher or lower order. In first order 
filters there is no pass band on the long wave length side 
of the selected band. As a general rule filters for use in 
the near infrared should be of the first order, in which 
case there are available glass filters which can be en- 
ployed to eliminate the higher order pass bands in the 
visible. 


The photoconductive lead sulfide cell was developed 
in Germany and in the United States during World Wa 
II.1_ This cell is sensitive out in the infrared region to 
about 3.5 microns. Its sensitivity in the area between 
1 and 2 microns, where many water vapor bands a 
located, is many times greater than a good laboratory 
bolometer. This photoconductive cell because of its 
extreme sensitivity, fast response (in the order of 200 
micro-seconds), and its dark impedance (0.1 to 20 
megohms), is ideal for use in conjunction with an a 
electronic amplifier [5]. 


Foreseeing the importance of these two new develop 
ments to the design of a practical absorption spectf 
hygrometer, the Weather Bureau resumed work in this 
field, initiating a project to develop an instrument suitable 
for meteorological service. This paper, a preliminaly 
report on this project, describes an infrared absorptio 
hygrometer which employs narrow band-pass light filters 
and a lead sulfide cell. 


1 Early experimental cellls were procured with the aid of the Bureau of Ordnance 
the Navy Department. Such cells are now available from various sources in the Unite? 
States. 
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THEORETICAL CONSIDERATIONS 


To understand some of the design problems involved in 
the development of an absorption spectra instrument, a 
prief discussion of the underlying nature of the water vapor 
absorption function is presented. 

It has long been established that there are many regions 
in the electromagnetic spectrum that are sensitive to water 
yapor. In particular the water molecule has three deep 
fundamental bands caused by normal molecular vibrations. 
These bands are located at 6.26, 2.74, and 2.66u [6] with 
numerous overtones and combination bands extending into 
the visible as low as 0.574. The four most important of 
these overtones and combination bands are centered at 
0.937, 1.13, 1.37 and 1.94. In general, as the region of 
absorption approaches the fundamentals, the absorption 
becomes progressively greater. On the long wave length 
side of the 6.264 fundamental, lines of the rotational band 
are observed out into the far infrared. 

The fundamental technique usually employed in measur- 
ing water vapor by the absorption spectra method is due 
to Fowle [7]. The method consists essentially of isolating 
the radiation in two regions of the spectrum, one in a 
water sensitive absorption region and the other close by 
where no absorption occurs. The ratio of the energy 
intensities of these two regions can then be used as an 
index of the amount of water vapor in the radiation path. 
For example, if the amount of absorbing vapor changes, 
the energy in the absorption band changes while the energy 
in the region where no absorption occurs remains un- 
altered, thus effecting a change in ratio. If, on the other 
hand, the radiation changes due to the presence of haze, 
smoke, mist, etc., the energy in both regions changes in 
the same proportion resulting in no change in ratio. This 
statement assumes the regions of interest to be situated 
s0 close together spectrally that the differential scattering 
effected by small particles is negligible. 

In a spectral region of continuous absorption, the re- 
lationship between absorption and the absorbing mass can 
be expressed as an exponential function. It has been 
shown, however, that such a function is not valid for 
water vapor since its absorption spectra are not continuous 
but rather are regions consisting of numerous closely 
spaced lines, irregular both as to spacing and intensity [8]. 
In an absorption band or part of a band, the attenuation 
due to water vapor is a complicated function of the pressure 
and temperature of the air and the mass of water per unit 
volume of the air through which the radiation passes. 
At a given temperature, the percent absorption can be 
represented as a function of (MP)* where M is the water 
mass and P is the pressure. For relatively low absorp- 
tances, the absorptance increases almost linearly with the 
square root of the water mass in the path. For large 
absorptances, the increase in absorptance is somewhat less 
than the square root of the water mass [9]. The fact that 
the water mass absorptance function is complicated does 
hot detract from the absorption spectra method since an 
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empirical relationship between absorptance and absorbing 
mass under different atmospheric conditions can be de- 
termined experimentally. Regardless of what the exact 
theoretical function may prove to be, it is well established 
that within limits, the rate of change of absorption in- 
creases with a decrease of water vapor in the absorption 
path. This is a fortunate circumstance since this charac- 
teristic results in increased sensitivity at low water vapor 
concentrations such as exist in the atmosphere at low 
temperatures. 

Preliminary work indicated that for best results the 
maximum absorption should be kept to 40 percent or less 
and probably much less [2]. This means that in designing 
a hygrometer some care must be exercised in choosing an 
absorption band since ashas been pointed out, the coefficient 
of absorption varies from band to band. For water vapor 
concentrations usually encountered in the atmosphere 
from winter to summer, the range may be from a few 
tenths of a gram to about 35 grams per cubic meter. It 
has been found that the harmonic band centered at 1.374 
gives a maximum absorption of the order of from 10 to 
15 percent with short light paths. The instrument de- 
scribed utilizes the 1.374 region for the absorption band 
and for comparison uses the area centered at 1.244 where 
no water vapor absorption occurs. Light paths of from 
1 to 3 meters have been employed, although the instrument 
described utilizes a 1-meter path in the interest of port- 
ability and convenience. 


SYSTEM DESCRIPTION 
1. SPLIT BEAM 


As usually occurs in instrumental developments, the 
hygrometer underwent considerable modification before 
reaching its present form. In the earlier stages of develop- 
ment a split-beam sensing light path was employed. Later, 
it was found more advantageous to use a single-beam path. 
Since, however, it is somewhat easier to explain the opera- 
tion of the split-beam path, this scheme will be described 
first. Figure 1 is a schematic diagram of the split-beam 
arrangement. A beam of light from a tungsten lamp is 
brought into collimation by a simple short focus plano- 
convex lens. This beam is effectively split into two parts 
by placing two appropriate first order narrow band-pass 
transmission type interference filters side by side sym- 
metrically in the collimated beam just beyond the colli- 
mating lens. The filters employed have their centers of 
transmission located at 1.374 and 1.24, respectively, each 
having band-pass half widths of about 50 millimicrons. 
Since the radiation in the 1.374 region is sensitive to water 
vapor, this half of the beam is attenuated by the presence 
of water vapor in the sensing path, while the part of the 
beam passing through the 1.24, filter is insensitive to 
water vapor. For the sake of brevity, the part of the 
beam passing through the 1.37, filter will be referred to as 
the absorption band beam and the beam passing through 
the 1.24, filter, as the reference band beam. 
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Ficure 1.—Infrared hygrometer, schematic diagram of the split-beam system. 


These two beams are interrupted 60 times a second by 
means of a mechanical chopper placed just beyond the 
filters (see fig. 1). The chopper is of the paddle wheel 
type having two opaque blades oriented 90° to each other. 
This type of chopper when used in conjunction with appro- 
priate diaphragms will vary the flux of the beams in a 
sinusoidal manner. Since the chopper blades are 90° 
apart, one rotating in one beam and the other in the other 
beam, the two emerging beams are interrupted sinusoidally 
so that the peak energy from one occurs simultaneously 
with the zero energy of the other. After passing over 
the sensing path, the two beams are brought to focus on 
an opal glass diffusing plate by a plano-convex lens. An 
infrared transmitting glass filter and lead sulfide cell are 
located behind the diffusing plate. The diffusing plate 
serves to disperse the light uniformly over the photocell, 
thus nullifying the effect of point-to-point variation in 
photocell sensitivity and spectral character of the image 
of the lamp filament. The infrared transmitting glass 
absorbs the energy passed by the second and third order 
pass bands of the interference filters. Since each beam 
is alternately interrupted at a frequency of 60 cycles per 
second the photocell signal as seen by the amplifier con- 
sists of two 60-cycle components, each 180 electrical 
degrees out of phase with respect to the other. When the 
light flux in each of the two beams is such that the two 
signal components are equal, the one will cancel the other 
and no signal will be observed. If, however, one com- 


ponent is more intense than the other a signal will result 
which has a phase depending on which beam is the 
stronger. When the two components are equal and water 
vapor is allowed to enter the sensing path, the energy in 
the absorption band beam will be attenuated while the 
energy in the reference beam will remain unchanged. As 
a result a signal will develop at the output of the ampli- 
fier, the amplitude of which will be a function of the water 
vapor in the sensing path. 

The magnitude of this signal can be used as an index of 
the water vapor in the sensing path, and as a first approach 
to the problem this was tried. It was soon discovered, 
however, that such a scheme is impractical if measure- 
ments are to be made with a reasonable degree of accuracy. 
The reason for this is that the method depends on the 
gain of the amplifier, output of the lamp, and sensitivity 
of the photocell, all of which are subject to change with 
time, temperature, line voltage, etc. It might be added 
that these same troublesome variables were responsible 
for discarding an earlier idea which involved measuring 
separately the energy in each beam and taking the ratio 
of these energies as an index of the water vapor in the 
sensing path. 


2. NULL METHOD 


In view of the difficulty of stabilizing the amplifier, 
lamp, and photocell to the degree required, it was decided 
early in the work that a satisfactory instrument could 


TRANSMITTING 
— WFRARED  OfTECTING 
| ph 
| PADDLE WHEEL SHUTTER 
rec 
| 
30! 
wa 
inc 
a ( 
hig 
thi 
REMOTE bla 
of 
INDICATOR ter 
lan 
ten 
Fig 
ab: 
bai 
2,1 
| bet 
the 
| lis 
| 
lan 
be 
cal 
| in 
or 
pl 
| the 
pel 
Th 
lar 
res 
or 
ari 
is 
cw 
lar 
sy: 
| of 
| 


SepTeEMBER 1953 


only be achieved through the use of a scheme for either 
measuring the ratio of the beam energies directly or hold- 
ing the ratio to some fixed value. A null method appeared 
to be the simpler solution. In the null method employed, 
the ratio of the beam energies is made equal to unity when 
a water vapor reading is taken. This means that a read- 
ing is taken when the output of the amplifier is zero 
(null), as the absorption band beam signal is 180° out of 
phase with the reference band beam signal. It means 
also that the reading is independent of amplifier gain 
and photocell sensitivity as long as these factors are 
maintained above a certain value. Since the method 
requires a beam energy ratio of unity for reading, regard- 
less of the amount of water vapor in the sensing path, 
some means has to be provided for changing the energy 
in either one or both of the beams to compensate for 
water vapor changes. The means must also provide an 
index as to the change in beam energy ratio effected by 
a change in water vapor. A simple scheme that gives a 
high degree of sensitivity has been developed for doing 
this. 

It can be shown by Planck’s Law that for a radiating 
black body it is possible within limits to change the ratio 
of energies emitted at two wavelengths by changing the 
temperature of the body. This phenomena is utilized 
in the instrument and makes it possible to null the ampli- 
fier signal by merely adjusting the temperature of the 
lamp furnishing the radiation. At the same time the 
temperature of the lamp is an index of the water vapor. 
Figure 2 shows the change in ratio of the energy of the 
absorption band beam to the energy in the reference 
band beam as the lamp temperature is varied from 
2,100° to 3,000° K. It is apparent that a relationship 
between the temperature of the lamp for a null signal and 
the amount of water vapor in the sensing path, if estab- 
lished, would constitute a calibration of the instrument. 

It is not practical to measure the temperature of the 
lamp directly, however, and a dependent quantity must 
be measured instead. An index of the lamp temperature 
can be obtained by means of a voltmeter or ammeter 
in the lamp circuit or by measuring the total radiation 
or illumination of the lamp directly. The method em- 
ployed consists of measuring the energy in a portion of 
the lamp spectrum by means of an improved type tem- 
perature-insensitive selenium barrier layer photocell [10]. 
The monitor photocell is exposed to the light from the 
lamp but is outside the light beam. (See fig. 1.) The 
response of the photocell can be read on a microammeter 
or recorded on a self-balancing potentiometer. This 
arrangement gives a sensitivity many times greater than 
is obtained by measuring either the lamp voltage or 


current. 
3. SELF-BALANCING 


To eliminate the necessity of manually adjusting the 
lamp to obtain a null signal an automatic self-balancing 
system is employed. Servo systems consisting essentially 
of an amplifier, phase sensitive network, and a small two- 
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2.—Energy ratio vs. lamp temperature for \=1.37p and 1.24. 


phase reversible motor are employed in many modern in- 
struments. Such systems are so designed that if an ap- 
propriately phased 60-cycle signal is fed into the amplifier 
the motor will turn in one direction. A 180° reversal in 
the phase of the signal will cause the motor to turn in the 
opposite direction, and with no signal the motor will 
remain idle. Equipment of this kind is employed in 
practically all self-balancing recording potentiometers. 
A modified form of this equipment is used in the hygrome- 
ter to automatically adjust the lamp temperature so 
that the reference and absorption band photocell signals 
are balanced to a null at all times. This is accomplished 
by driving a variable transformer by the servomotor. 
The design is such that when water vapor enters or leaves 
the sensing path, upsetting the balance between the 
reference and absorption band signals, the servomotor 
turns the variable transformer in such a direction as to 
change the lamp temperature until a balance is restored. 
Thus a continuous automatic balance is maintained with- 
out the necessity of personal supervision or manual 
adjustment. The scheme makes possible a recording of 
the amount of water vapor in the sensing path, since with 
continuous balance the output of the monitor photocell 
is a measure of the water vapor at all times. 

An additional advantage of the self-balancing system is 
the high sensitivity which may be obtained through its 
use. Usually the sensitivity of such equipment is limited 
by the noise level of the sensing element at the input of 
the amplifier. It has been found that because of the high 
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TRANSMITTING 


/ 
7 
WERA-RED OETECT 
4 SYNCHRONOUS MOTOR PuOTOCELL 
GEARED TO 900 RPM 
Disc. 
PuoTOCELL 
BALANCING 
60~ TUNED SIGNAL LINE 
AMPLIFIER 


DESCRIPTION OF COMPONENTS: 


AMPLIFIER - Hi gain amplifier L-C tuned to 60~. (Three 12AU7's) 
BALANCING SYSTEM - A phase sensitive circuit employing a Brown Servomoter to drive a 


100 watt gen. radio variac. 


DIFFUSER - Glass, with flat transmission characteristics between 1.25 and 1.37 microns, 
FILTER, INFRARED TRANSMITTING - Corning No. 7-56 2mm. 
FILTER, ROTATING DISC. - Bausch and Lomb special interference filter 4 1/2 in. dia., 8 


segments with pass bands alternately located at 1.25 and 
1.37 microns, 


LAMP - Westinghouse 108 W., 6 V., projection type (special). 

LENS - 3-in. dia., 8-in. f.1., plano-convex. Libby Owens ‘‘color clear’’ glass (special), 
MONITOR PHOTOCELL - Weston ‘‘Photronic’’ 856 rr temp. compensated and herm., sealed. 
PHOTOCELL, DETECTING - Eastman Kodak lead sulfide ‘‘Ektron Detector”’ with resistance 


matching input of amplifier. 


RECORDER - Brown, self-balancing potentiometer, 3-6 mv var. range. 
MOTOR - Bodine KYC 26 1800 rpm, synchronous. 
MISCELLANEOUS NOTES: Components sealed in dry atmosphere. Detecting photocell kept 


at constant 120° F. with heater and precision thermostat. De- 
tector lens also heated. Details not shown. 


Figure 3.—Infrared hygrometer, schematic diagram of the single-beam system, 


response and low noise level of the infrared photocell em- 
ployed, extreme sensitivity to water vapor is attained 
without the necessity of high-gain amplification. The 
sensitivity of the instrument is limited by the harmonics 
induced by irregularity of the chopper and filters, and not 
by the noise level of the photocell or amplifier. 


4. SINGLE BEAM 


In working with the split-beam equipment it was found 
that a slight difference in the accumulation of dust on the 
optics in one light path over that in the other would result 
in large errors in water vapor measurements, effectively 
changing the calibration of the equipment. Likewise the 
passage of a rain drop or other foreign material such as a 
leaf through the sensing path would cause a spurious 
disturbance in the balance of the equipment. The obvious 
way to overcome this difficulty was to effect a design in 
which the reference band beam and the absorption band 
beam follow identically the same path from the lamp to 
the photocell. A single-path coincident beam arrange. 
ment is employed in the present hygrometer and is shown 
schematically in figure 3. It will be observed from figure 3 
that the single-beam method differs from the split-beam 
arrangement only in the design of the optics. It will be 
observed also that the single-path design is achieved 


through the use of a sector filter wheel. Instead of using 
two filters in a fixed position as in the split-beam arrange- 
ment, absorption and reference filter sectors are positioned 
alternately on a wheel which is rotated through the light 
path. 

The filter wheel was fabricated for the Weather Bureau 
by Dr. A. F. Turner of the Bausch & Lomb Optical Co. 
It comprises eight 45° filter sectors; 4 absorption and 4 
reference. The filters are deposited alternately on and 
sandwiched between two glass disks. The disks are ap- 
proximately 4% inches in diameter and \ inch thick. The 
wheel is driven at 900 r. p. m. by a synchronous motor, at 
which speed the signal developed at the photocell due to 
an unbalance between reference and absorption band beam 
energies will appear at the amplifier as an alternating 
emf having a frequency of 60 cycles per second. This is 
the same signal frequency as that obtained in the split- 
beam instrument. Through the use of the filter-wheel 


single-beam arrangement, an accumulation of dust on any 
part of the optics (excepting the filter sectors) or the 
presence of foreign material in the sensing path affects 
both absorption and reference band beams alike with no 
change in calibration. A change of water vapor in the 
sensing path on the other hand will affect the amount of 
light passing through the absorption filter sectors and 


in 
re 


| 
SEP 
— 
3 | 
bal 
bee 
| 
tin 
for 
tio 
| 
im: 
the 
| 
im 
lis 
| : 
| 
th 
: 
ist 
tel 
ca 
| 
ch 
gr 
cu 
of 
res 
| 
ap 
th 
6 
re 
su 
we 
| 
su 
re 
| 
ee 


gerTEMBER 1953 


make the wheel appear to the photocell to have four 
transparent and four opaque sectors. As a result a 60- 
eyele unbalance signal will develop which will be corrected 
by the self-balancing servo system. 


LABORATORY TESTS 


Optical bench tests made with the first filter wheels 
fabricated by Dr. Turner revealed the single-beam self- 
balancing system to be superior to any scheme that had 
been tried. Its stability was found to be far greater than 
that of other methods tested and its sensitivity was 
equalled only by the split-beam scheme. For the first 
time apparatus was available which would hold calibration 
for more than a day and the sensitivity exceeded expecta- 
tions. For example, in the winter time when the absolute 
humidity was of the order of three to four grams of water 
per cubic meter, the equipment would detect almost 
immediately when a person entered or left the laboratory. 

Many bench tests were made to determine (1) the 
feasibility of using the system in a hygrometer, and (2) 
the features that should be incorporated in a hygrometer 
design if such were effected. The objects of the most 
important of these tests and the results obtained are 
listed below: 

a. Stability: No appreciable change in calibration was 
observed over test periods of several days. The subject 
is discussed further under ‘Further Studies”’. 

b. Sensitivity: The sensitivity of the equipment is hard 
to define as it varies with the amount of water vapor in 
the sensing beam. It was found, however, that the 
sensitivity of the system at all moisture levels encountered 
isas great or greater than that of the recording potentiome- 
ter employed. 

c. Speed of Response: An idea of the speed of response 
can be obtained from the following: With the servo system 
adjusted to “dead-beat”’ it was found that with a sudden 
change in absolute humidity of from approximately 7 
grams per cubic meter to approximately 13 grams per 
cubic meter the recorder will come to within 90 percent 
of the final reading within 4 seconds. The recorder 
response alone is about 2.2 seconds for the same displace- 
ment. It is believed that the speed of response of the 
apparatus is determined mainly by the time constant of 
the lamp filament. A heavy lamp filament (20 amps, 
6 volts) is employed to minimize the 120 cycle flicker 
resulting from the unit being powered from a 60-cycle 
supply. 

d. Line Voltage Variation: Sudden line voltage changes 
were found to give small temporary variations in the 
record. Slow line voltage changes have no effect. 

e. Effect of Lamp Aging: This test was performed by 
substituting lamps of varying ages and noting any 
resultant change in calibration. 

It was observed that with increasing age, the calibration 
invariably shifted in the direction of a higher water vapor 
reading, with the greater shift occurring in the first few 
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hours of operation. The shift which occurred in the 
first 500 hours after a short seasoning period was quite 
small. 

jf. Effect of Temperature Change on Relative Response of 
Photocell: It was thought that temperature changes were 
affecting the relative response of the photocell to the 
reference and absorption wave lengths, and as a result the 
present instrument is equipped with a photocell oven to 
hold the cell at a constant temperature. Subsequent 
tests, however, indicate that the relative sensitivity of the 
photocell is probably more dependent upon the atmos- 
phere around the cell than on the ambient temperature. 
The subject is discussed under “Further Studies.” 

g. Effect of Rain, Snow, and Fog: By locating the equip- 
ment in the window of the laboratory it was possible to 
expose part of the sensing path to rain, snow, and fog. 
Tests showed these hydrometeors to have little effect on 
the behavior of the equipment. 

h. Effect of Smoke: Tests showed cigarette smoke to 
have no appreciable effect in medium concentrations. 
Concentrations approaching the point of completely 
attenuating the beam, however, shift the calibration to 
the “dry,” indicating a differential scattering effect. 

i. Effect of Moisture on Cover Glass and Lens: A visible 
sheet of water will shift the calibration of the apparatus 
to the “wet,” whereas, moisture condensed in the form of 
small droplets will generally shift the calibration to the 
“dry.” In the first instance the effect is apparently due 
to the differential transmission of water for the absorption 
and reference wave lengths. The second effect is appar- 
ently one of differential scattering. Surprisingly enough, 
large drops of water, if not covering too much of the lens, 
have little effect. 

j. Effect of Obscuring Part of the Beam: If an opaque 
object is moved into the beam appreciably from either 
side a shift in calibration will result. The effect is appar- 
ently one of phase shift and is due to the fact that obscur- 
ing a reasonable portion of the beam is the same as shifting 
the position of the beam aperture at the filter wheel. 


k. Effect of Pressure: As has been pointed out a pressure 
effect is to be expected. Simple tests made with a closed 
container in the sensing path indicate that the effect is 
small at pressures ordinarily existing at the earth’s sur- 
face. The magnitude of the effect was not determined. 

l. Effect of Temperature: No especial effort was made to 
determine if a temperature effect exists. It can be said, 
however, that over the temperature range encountered in 
the laboratory from summer to winter there was no 
evidence of measurable effect. 

Many of the tests were conducted under conditions 
which were not ideal. Nevertheless for want of better 
information the design of the present instrument has been 
influenced to some degree by the results. It is contem- 
plated repeating the work under conditions of more rigid 
control at an early date. 
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CALIBRATION 


Inasmuch as the prime object of the work is to develop 
an instrument which can be used by the meteorologist, it 
was deemed advisable that a unit for use outdoors be 


Figure 4.—Photograph of infrared hygrometer with hood removed and door open, 
showing moisture-tight transmitter compartment and method of housing electronic 
components. 
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FiGuRE 5.—Calibration curve for infrared hygrometer (tentative). 
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designed and placed in operation as soon as a promising 
instrumental arrangement had been developed. 

A photograph of the instrument as designed for making 
outdoors observations is shown in figure 4. The com. 
ponents of the projector and detector are completely 
enclosed in gas-tight compartments. These compart. 
ments are filled with dry nitrogen under pressure and 
desiccated by means of a drying agent. The detector and 
projector are rigidly fixed to an aluminum channel. This 
design, as well as fixing the length of the sensing path, 
exposes only two optical surfaces to the elements. It will 
be seen that the electronics and servo system of the unit 
are enclosed in a weatherproof housing which in turn pro- 
vides a mounting for the optical system. The optical 
system is positioned so that the sensing path is exposed 
to free air at a height of approximately 4 feet. 

The problem of calibration assumed its full significance 
with the advent of the outdoors installation. Consider. 
able study had been given to the problem and it had been 
decided that a rigorous calibration could best be obtained 
through the use of a closed system and saturated atmos- 
pheres. While a reliable calibration was important to 
the installation, to obtain one by the selected method 
would require considerable time and some additional 
equipment. In the end it was decided to forego the 
absolute method in the interest of getting the equipment 
into operation at the earliest possible date. Consequently, 
the instrument was calibrated as it had been in prelimi- 
nary laboratory tests by comparison with a psychrometer, 
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In this connection work had been carried out in the labora- 
tory in an effort to calibrate by changing the length of the 
sensing path with a fixed ambient humidity. Through 
such a scheme it would be possible to calibrate from the 
ambient level down to zero distance. It was found that 
the scheme did not give reliable results with the equip- 
ment as designed. ‘Tests indicated that the trouble is in 
the diffuser employed in front of the photocell and is one 
of differential scattering. The matter is being investi- 
gated further. 

In calibrating the hygrometer there are three variables 
to be considered. These are the quantity of water vapor 
in the sensing path, the ambient pressure, and the ambient 
temperature. 

As pointed out, the pressure and temperature functions 
are quite complicated. Enough is known of these func- 
tions, however, to indicate that for the average weather 
station the overall temperature and pressure effects will 
be small; perhaps of the order of the experimental error 
of the equipment. For this reason no attempt was made 
to eliminate temperature and pressure effects. A more 
rigorous calibration involving these factors will be made 
and reported upon later. 

Inasmuch as water vapor absorption is a function of the 
concentration of water molecules in the sensing path, it 
is obvious that the hygrometer may be calibrated in terms 
of absolute humidity, i. e., the number of grams of water 
per cubic meter. Absolute humidity, however, is a term 
not ordinarily employed in routine synoptic meteorology. 
The hygrometric unit usually sent over the teletypewriter 
and placed on weather maps is the dew point. Unfortu- 
nately, the relation between absolute humidity and dew 
point involves absolute temperature. It can be shown, 
however, that if the hygrometer is calibrated in terms of 
dew point at some intermediate temperature the instru- 
ment will operate over the usual range of station tempera- 
tures throughout the year without being in error at any 
time by more than a percent or two in terms of absolute 
humidity. If higher accuracy is required a correction 
can, of course, be calculated and applied. Because of its 
obvious utility and because the meteorologist is accustomed 
to thinking in terms of dew point, the hygrometer has 
been calibrated in terms of dew point as well as absolute 
humidity. 

Figure 5 shows a tentative calibration of the instrument 
in terms of recorder response versus dew point and 
absolute humidity. This calibration was obtained by 
plotting the dew point and absolute humidity of the 
ambient atmosphere as determined by a sling psychrom- 
eter against recorder response. Observations were made 
at approximately 80° F. in a closed room where there was 
limited control of the absolute humidity. 


= 1.37 
Figure 6 shows energy ratio G52) of lamp output 


versus the square root of the absolute humidity. It will 
be seen from the figure that over the range of humidities 
276801—53——2 
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covered by the calibration, the instrument is operating 
in the square root region of the water vapor absorption 
function. Consequently, the rate of change of energy 
ratio with respect to change in absolute humidity will 
increase with a decrease in absolute humidity resulting in 
an increase in sensitivity with a decrease in humidity. 

Figure 7 is a photograph of the outdoors installation on 
the roof of the Weather Bureau Administration Building. 
The wiring required for the installation is a 115-volt, 
60-cycle power line and one telephone pair for connecting 
the output of the monitor photocell to the recorder. 
The recorder is installed in an instrument panel cabinet 
in the observatory, a distance of about 75 feet from the 
hygrometer. The equipment was placed in operation 
May 1, 1953, and has since provided continuous humidity 
records. 

Figure 8 shows an interesting example of the type of rec- 
ord obtained. Because of the fast time response of the 
equipment, humidity changes and excursions are coming 
to light, which are exciting the interest of meteorologists. 
The figure shows the record for a meteorological situation 
that occurred over Washington on July 22, 1953. At 
1330 est the dry-bulb temperature at Washington 
National Airport, about five miles southeast of the ex- 
posure site of the hygrometer, was 87° F. and{the dew 


- 


FIGURE 7.—Photograph of optical hygrometer installation on roof of U. S. Weather 
Bureau Administration Building, Washington, D. C. 
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point was reported as 71° F. The hygrometer record 
taken on the Weather Bureau Administration building 
showed a similar dew point of 71° at the same time. 
During the ensuing hour the temperature at the airport 
increased by about 3° while the dew point dropped 1°. 
During the same period the hygrometer showed an in- 
crease in dew point of 1° reaching a maximum just over 
72° F. at 1450 est. At this time a very light rain began 
at the Weather Bureau Office in Washington and the dew 
point dropped from 72° F. to 65° F. in approximately 3 
minutes. An alert observer, sensing an unusual situation, 
changed the recorder chart speed to 8 inches per hour, 
4 times its previous value. This change was completed 
approximately at 1500 usr at which time heavy rain 
began to fall, and in a few moments the dew point re- 
covered to an average value of about 66° F. Heavy 
rain continued to fall until about 1530 esr during which 
time the dew point appeared to fluctuate one to two 
degrees Fahrenheit about a mean value of 66° F. At 
1530 ust the dry bulb was 76° F. and the dew point was 
69° F. at the Washington National Airport. At the end 
of the heavy rain the dew point increased slowly and the 
amplitude of the fluctuations decreased. About an hour 
was required following the heavy rain for the dew point 
to return to its initial value. At 1630 est Washington 
National Airport showed a dry bulb temperature of 82° F. 
and a dew point of 72° F., at the same time the hygrometer 
registered a dew point of 72° F. 

The synoptic situation at 1330 est responsible for the 
above weather was as follows: Washington was in the 
warm sector of a cyclone centered several hundred miles 
to the north of the Great Lakes. A warm front was 
oriented in an east-west direction along the Maryland- 
Pennsylvania line about 70 miles west of Washington. 
A cold front extended southward from Toledo, Ohio, to 
the vicinity of Little Rock, Ark., and a squall line preceded 
the front by about 120 miles from the vicinity of Erie, Pa., 
to Nashville, Tenn. Thunderstorms were recorded in the 
vicinity of Quantico, Va., about 30 miles south-southwest 
of Washington and scattered swelling cumulus clouds 
were observed at Washington below a layer of thin high 
cirrus clouds. 


FURTHER STUDIES 


Operation of the instrument for the past several 
months has brought to light information which will be 
important in the design of future equipment. For the 
most part, it is believed that the performance has been 
good in view of the fact that the equipment is new. 
The amplifier and balancing system have operated without 
a single failure in electronic components. One detector 
photocell and one monitor photocell have been replaced 
but the necessity for this is believed to have arisen from a 
lightning discharge in the immediate vicinity. The 
filter wheel has been replaced twice because of a slow 
drift in the calibration. This effect is believed to be 


due to the fact that the wheel was not assembled and 
sealed properly. As originally installed, the detector 
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and projector compartments contained phosphorus pent- 
oxide drying agent. Sublimation of this agent gave 
difficulty in that it clouded the optics. The compart- 
ments now employ silica gel. 
To improve and refine the design further studies are 
now in process. In particular, studies are being made to: 
1. Simplify the design of the optics and electronics. 
2. Devise a simple and reliable scheme for range 
changing. 
3. Develop a fast and reliable method for effecting a 
calibration. 
4. Determine a suitable material for use as a photocell 
diffuser. 
5. Determine the effect of temperature and pressure. 
6. Ascertain if the detector photocell heater is re- 
quired. 
7. Develop a means for checking the “figure of merit”’ 
of a filter wheel. 
8. Determine the optimum sensing path length. 
9. Reduce the overall size and weight of present 
equipment. 
Some work has been carried out on many of these prob- 
lems, but more remains to be done. 
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ABSTRACT 


Data from the 1952 Tornado and Severe Storm Observational Network indicate that pressure waves (abrupt 
variations in surface pressure) occur frequently in the Central Midwest. These waves are classified and studied sta- 
tistically for relationships with certain weather phenomena. Elevation type wave lines are found to coincide with 


certain synoptic discontinuities (squall lines, cold fronts, etc.). 


Thunderstorm activity accompanied 78 percent of 


these lines, and tornadoes occurred with 27 percent. Data on the motion of elevation type wave lines, and on the size, 
amplitude, and duration of their fields of activity are summarized. A marked tendency for these waves to occur 
during nocturnal hours is found. Depression type wave lines are found not to coincide with ordinary synoptic dis- 


continuities. A combination type wave is described and some speculation on its significance is made. 


Examination 


of the relation of tornadoes to pressure waves shows a tendency for tornadoes to occur in specific portions of the 


elevation wave field. 


INTRODUCTION 


For many years meteorologists have recognized that 
abrupt variations may occur in the surface pressure. 
Byers and Braham [4] showed how certain such pressure 
changes may be related to thunderstorms. Williams [15] 
studied the abrupt pressure rises that occur with a squall 
line passage. Tepper [9, 10, 11, 14] showed that such 
pressure rises are actually propagated waves and suggested 
that they are the cause rather than the result of the squall 
line. He has given the name “pressure jump”’ to them 
from their similarity to hydraulic jumps. In other 
literature (cf. [1 through 8, and 12]) pressure disturbances 
of various kinds have been studied, and a variety of names, 
such as pressure jump, pressure fluctuation, pressure 
pulsation, propagated pressure wave, elevation type wave, 
depression type wave, pressure dome, pressure nose, 
pressure hump, thunder nose, thunderstorm high, and 
others, have been used to describe appropriate pressure 
disturbances. The expression pressure wave, or simply 
wave, will be used in this paper to denote all such changes in 
pressure. 

Data? from the 1952 Tornado and Severe Storm 
Observational Network indicate that pressure waves occur 
frequently in the Central Midwest area and that useful 
relationships exist between such waves and the associated 
weather. The purpose of this paper is to call attention to 
several of these relationships that may be of interest to 
meteorologists. Although occasional speculations are 


1 Presented at the 119th National Meeting of the American Meteorological Society, 
December 30, 1952, St. Louis, Mo., under the title ‘‘ Perturbations in the Surface Pressure, 
Central Midwest Area, 1952.’ 

? Barograms from 90 cooperative stations in Kansas, Oklahoma, and Nebraska; 6 hourly 
surface synoptic reports from teletype circuits; hourly and special observations from 
selected First and Second Order Weather Bureau stations in Kansas, Oklahoma, Ne- 
braska, and Missouri; tornado reports from observers and news clipping services. These 
data were for the period February 1, 1952, through August 31, 1952. 


made, most of the information consists of factual and 
statistical relationships taken from the observational data, 

The author made this study at Kansas City, Mo., in 
his capacity as Field Manager of the Tornado and Severe 
Storm Observational Network. More complete investi- 
gations are being conducted independently by a research 
group in the Division of Scientific Services, U. S. Weather 
Bureau, Washington, D. C., and a summary of its findings 
will be published at a later date. 

The area studied includes southern Nebraska, Kansas, 
and northern Oklahoma. Basic data consist of barograph 
traces on an expanded time scale of 12 hours per revolution, 
obtained from 90 cooperative stations which were spaced 
from 25 to 50 miles apart. The 1952 network of stations 
was similar to the 1951 network [13], except that stations 
were less dense and a larger area was covered. Synoptic 
and hourly reports from stations in the area, and reports 
of tornado occurrence were also used. 


DEFINITIONS AND METHODS OF ANALYSIS 


A pressure wave is regarded in this study as a considerable 
change in pressure that occurs during a short interval of 
time. Pressure waves are recognized as perturbations on 
the generally steady trace of the 12-hour barogram. 
For the purpose of this study only those changes in pressure 
were examined in which there was a clear cut perturbation 
on the trace of 0.03 inch or more at three or more adjacent 
stations. Most cases greatly exceeded these limits. 

Pressure waves are rarely isolated but occur along con- 
tinuous lines, which may be identified as pressure wave 
lines. Such a line moves in a continuous manner across 
an area, and this area may be defined as the pressure wave 
field. No attempt was made to study the few isolated 
pressure waves that were noted. 
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barograph, 


Ficure 2.—Examples of depression type pressure waves as recorded by the 12-hour 


Iso- 


chrones were drawn for 30-minute intervals to show suc- 
Isopleths of 


each 0.02-inch total change in pressure were also drawn 


to show the amplitude of the waves. 


The depression 
Examples of iso- 


trough. Examples of elevation and depression type 


waves are shown in the barograms in figures 1 and 2. 
In order to study pressure waves, isochrone charts were 


constructed. Time of wave line passage and total amount 


Depression type waves show a resulting decrease in pressure. 
micro- 


On a micro-synoptic chart (but rarely on macro-charts) 


such a wave is evident as a micro-trough. 
type wave line is chosen to delineate the bottom of the 


lines, which occurred on May 13-14, 1952. are shown in 


chrone charts for elevation and depression type wave 
figures 3 and 4. 


elevation type wave line delineates the onset of the ridge. 
of pressure change were plotted for each station. 


cessive positions of the pressure wave lines. 
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only rare cases were the two charts inconsistent, although 


On a micro-synoptic chart (and occasionally on macro- frequently the isochrone charts revealed synoptic features 


charts) such a wave is evident as a micro-ridge [15]. The 
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In addition to isochrone charts, sectional surface synop- 


tic charts of the Central Midwest Area were drawn. 
that were not apparent on the sectional charts. 


ing increase in pressure. 


barograph, 


FicurE 1.—Examples of elevation type pressure waves as recorded by the 12-hour 


Elevation type waves show a result 
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Fiaure 3.—Isochrone chart of an elevation type wave line that occurred with a pre- 
cold-frontal squall line on May 13-14, 1952. Centra] Standard Time is used. 


ples of sectional synoptic charts for the May 13-14, 1952, 
case are shown in figures 5 and 6. 

In some cases series of micro-synoptic charts at 1- or 
2-hour intervals were constructed. A series of five such 
charts, at 2-hour intervals for the May 13-14, 1952, case, 
is shown in figures 7-11. 


ELEVATION TYPE WAVES 


WAVE PATTERNS 


Elevation type wave patterns on the barograms vary. 
Generally an elevation type wave is not unique in pattern 
over all of its field. One or more patterns may occur in 
the same field with gradual or abrupt transitions from one 
pattern to another. Following is a listing of several pat- 
terns, examples of which are shown in figure 1: pressure 
jump, steep pressure rise, gradual pressure rise, pressure 
jump followed by damped harmonic oscillations, and pres- 
sure nose. 

Pressure jumps have been investigated by Tepper [9, 
10, 11, 14], and the reader is referred to his works for a 
description of them. Steep and gradual pressure rises 
often appear to be variations of the pressure jump. There 
is a tendency for an elevation type wave to appear first 
as a steep pressure rise, after which it may evolve into a 
pressure jump, thence degenerating into a gradual pres- 
sure rise. 

The pressure jump followed by a series of damped har- 
monic oscillations is quite local, seldom occurring over 


3 The expression “elevation type wave’’ is used here in a geometric sense, indicating only 
that a rise in pressure has occurred. It does not necessarily imply an elevation type wave 
in the dynamic sense as defined by Tepper [14]. 


Fiaure 4.—Isochrone chart of a depression type wave line that was associated with the 
pre-cold-frontal squall line of May 13-14, 1952. Centra] Standard Time is used, 


more than 25 percent of the field when it does occur. 
Oscillations may persist at a station for over an hour with 
as many as a dozen oscillations occurring during that time. 
Frequency of oscillation is nearly constant for all cases, 
and is of the order of 5 to 10 minutes. Amplitude of 
oscillation may be as great as 0.10 inch for the first oscilla- 
tion, decreasing uniformly thereafter until completely 
damped out. Oscillations are discussed by Tepper [14]. 

Pressure noses are very local and are frequently additive 
to some other wave, such as a pressure jump. In a few 
cases it was noted that hail fell at the time of the pressure 
nose. 

There are many variations and combinations of the 
above patterns. Although recurrent patterns have been 
listed, the discussion to follow will treat general features 
of all elevation type waves rather than any special features 
of individual patterns. 


RELATION TO SYNOPTIC DISCONTINUITIES 


Of the 243 waves studied, 157 were of the elevation 
type. These wave lines were coincident * with several 
types of synoptic discontinuities ° as shown in table 1. 
Elevation type wave lines were found to coincide with 
surface cold fronts, cold fronts aloft, pre-cold-frontal 


4 The expression “coincident” must be qualified here. Actually it can only be said 
that elevation type wave lines apparently coincide with certain synoptic discontinuities. 
A very critical analysis might reveal that certain such lines are actually distinct and 
separate from the associated synoptic discontinuities, dependent in part upon a rigorous 
definition of exactly what constitutes such discontinuities. However, for the purpose 
of this paper, the lines were in all cases sufficiently close to the associated synoptic dis- 
continuities to be considered as ‘‘coincident’’ in the sense just described. 

5 The analyses of synoptic discontinuities were made by the author and may not neces 
sarily agree with those of other analysts. 
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FiaurE 5.—Sectional synoptic chart of the Central Midwest Area, 0030 cst, May 14, 1952. 


squall lines, and isolated squall lines. In addition they 
also coincided with certain isolated discontinuities which 
were not obvious at all on the synoptic chart. Elevation 
pe wave lines were never coincident with surface warm 
ronts. 

Most of the wave lines which coincided with isolated 
discontinuities were small in length and of short duration. 
Although many of these lines occurred in the vicinity 
of fronts or squall lines, their orientation was such that 
they could not properly be classed as fronts or squall 
lines in the usual sense. Certain possibilities exist rela- 
tive to these lines: (1) They may represent the movement 
of so-called “isolated, air mass” thunderstorms; (2) a 
more refined method of analysis might reveal some of 


them actually to be fronts or squall lines (Brunk [3] 
apparently includes similar isolated discontinuities as 
squall lines); (3) they may represent discontinuities of a 
unique type which are different from ordinary fronts and 
squall lines. 

The May 13-14, 1952, example, shown in figures 3 and 
5-11 is an clevation type wave line which is coincident 
with a pre-cold-frontal squall line. 

Although it is indicated that elevation type wave lines 
may coincide with certain synoptic discontinuities, it 
does not follow that such discontinuities always have 
pressure wave lines in coincidence with them. Further- 
more, in many cases, elevation type waves may occur 
along only limited segments of the discontinuity, rather 
than along all of it. 
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FicurE 6.—Sectional synoptic chart of the Central Midwest Area, 0630 cst, May 14, 1952. 


RELATION{TO WEATHER 


Thunderstorm activity is generally, but not always, 
associated with the passage of an elevation type wave 
line, regardless of the type of discontinuity with which 
it is coincident. In most cases this activity will be 
evident as a line of thunderstorms more or less coincident 
with the line. In some cases the activity may be cf less 
than thunderstorm proportions, i. e. rain showers, cumuli 
congesti, or brief variations in wind direction and velocity. 
In some cases there is apparently no activity at all. 
Thunderstorm activity may be extremely variable along 
the line; some segments of the line may experience little 
or no activity, while others may have storms of great 
severity. Table 1 shows those cases of elevation type 


wave lines which had associated thunderstorms. Verifi- 
cation of thunderstorm activity was assumed if at least 
one report of thundershowers, thunder, or lightning was 
made somewhere in the field at the time that or very 
shortly after, the line passed the station. 

In cases where no thunderstorms were reported, these 
possibilities exist: (1) Thunderstorms may have occurred 
along segments of the line which did not pass any reporting 
stations; (2) lesser activity may have occurred; (3) there 
may have been no activity at all. Tepper [14] shows 
that (3) does occur. While this is important in substan- 
tiating the pressure jump theory, it is not the usual case. 
Most elevation type wave lines do have associated thun- 
derstorm activity. 
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In the May 13-14, 1952, case, thunderstorms occurred 
at 5 of 15 reporting stations, lightning or thunder was 
observed at 4 others, and variations in wind direction and 
yelocity were reported at 5 others. Only one station 
showed no evidence of some activity. 


TaBLE 1.—Features of elevation type wave lines according to their 
coincidence with various synoptic discontinuities 


Type of discontinuity 
Pre- No 
Features cold- |Isolated| Surface] Cold | | pres- 
frontal _—~y cold | front d _| sure | Total 
squall e front | aloft tinuity| Wve 
line field 
Number of cases coincident 
with synoptic disconti- 
28 5 60 14 157 
Number of combination 
13 2 ll 8 44 
ercent of combination 
46 40 18 57 28 
Number of cases with 
damped harmonic oscilla- 
4 1 16 3 
Percent of cases with 
damped harmonic os- 
14 20 27 21 16 
Number of cases with 
thunderstorm activity___ 5 42 ll 107 
Percent of cases with 
thunderstorm activ- 
Number of cases without ; 
thunderstorm activity 3 0 15 3 31 a ' 2984 
Percent of cones with- + = 
out thunderstorm ac- 
I ee ll 0 6 21 Ce  .& 22 Fiacure 8.—Micro-synoptic chart, 0030 cst, May 14, 1952. Note that the elevation type 
eae of —~ —- wave line (squall line) and depression type wave line have entered the network from 
erstorm activity unde- 
anand enpeeclll 0 0 4 0 ~ 19 the northwest and that they are separated by a small, intense micro-ridge. 
Number of cases with tor- 
14 3 ll 5 9 13 55 
Percent of cases with 
50 60 18 36 27 
Number of tornadoes- ----- 35 7 36 12 23 30 143 


FicvrE 7.—Micro-synoptic chart, 2230 cst, May 13, 1952. Sea level pressures are plotted 
in inches and isobars are drawn for each 0.03 inch. Tendencies are plotted in hun- FiqurE 9.—Micro-synoptic chart, 0230 cst, May 14, 1952, The surface cold front is now 
dredths of inches per 30 minutes, All other data are plotted in the conventional entering the network from the northwest. The depression type wave line lies about 
Manner, midway between the cold front and squall line. 
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FiaureE 10.—Micro-synoptic chart, 0430 cst, May 14, 1952. The micro-ridge has weak- 
ened and elongated. The micro-trough has deepened and its pressure is now lower 
than the pressure along the surface cold front. 
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Fiaure 11.—Micro-synoptic chart, 0630 cst, May 14, 1952, The squall line is nearly 


dissipated. However, a weak micro-ridge and a long narrow micro-trough still re- 
main. 
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TABLE 2.—Cases of elevation type wave lines according to directions 
from which they moved 


Number of cases 
Direction in degrees | Pre-cold-| y.ojateq | Surface | Cold | Isolated 
uall discon- Total 
tinuity 
1 4 
ra 
4 4 
7 
9 
12 38 
47 
3 
4 4 
50 
40 
Y 
30 
20 Y 
° 
$8 8832083 $38 
- N N N 8 


DIRECTION (DEGREES) 
Ficvure£ 12,—Frequency of directions from which elevation type wave lines moved, 


TABLE 3.—Cases of elevation type wave lines according to speeds at 
which they moved 


Number of cases 
m- 
tinuity 
10 33 
7 43 
7 % 
5 
3 
4 5 
1 2 
2 2 
4 4 
40 
20 
Yj 
10 
° 


SPEED (MILES PER HOUR) 
FiaureE 13.—Frequency of speeds at which elevation type wave lines moved. 
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Although thunderstorms are shown generally to occur 
along elevation type wave lines, they may also occur 
without an appreciable pressure wave. -Pre-warm-frontal 
thunderstorms and truly isolated, air mass thunderstorms 
are in this category. No attempt was made to enumerate 
those thunderstorms which occurred without coincident 


pressure wave lines. 
MOTION 


Motion is assumed to be normal to the elevation type 
wave line itself, and is usually such that the central 
portions of the line move in advance of the extremities. 
Hence, the lines are usually convex toward the direction 
of motion. 

Directions from which the 157 elevation type wave lines 
moved are summarized in table 2 and the frequency 
distribution of movement from the various directions is 
graphed in figure 12. Note that a maximum of lines 
moved from 300°-329° (northwest), and that none moved 
from 30°-119° (east and northeast). | 

Speeds at which the 157 elevation-type wave lines 
moved are summarized in table 3 and the frequency dis- 
tribution of the various speeds is graphed in figure 13. 
A maximum of lines had speeds within the range of 30 
to 34 miles per hour. 

The above are average values. Since any pressure 
wave line may accelerate or decelerate either in local 
segments or along its entire length, there is considerable 
variation from the averages given. 


SIZE, AMPLITUDE, AND DURATION OF PRESSURE WAVE FIELDS 


Pressure wave fields varied considerably in size. Some 
covered virtually the entire network (about 150,000 square 
miles), and presumably additional areas outside the net- 
work were covered in many cases. On the other hand, 
fields were sometimes as small as a few counties (about 
5,000 square miles). It is further possible that some 
fields were actually smaller than the spacings between 
stations; hence were not identified. The usual case was 
one wherein the field covered about half a State (about 
40,000 square miles). 

Most pressure wave fields had one or two centers of 
maximum amplitude. In many cases the centers of 
maximum amplitude coincided with the centers of maxi- 
mum intensity of the weather elements, such as severe 
thunderstorms, windstorms, hail, heavy rain, and occa- 
sionally tornadoes. Maximum amplitude of pressure 
wave fields ranged from 0.03 inch to 0.30 inch. The 
maximum amplitudes as related to coincident synoptic 
discontinuities are summarized in table 4 and the fre- 
quency distribution of all maximum amplitudes is graphed 
in figure 14. 

Duration of pressure wave fields could, unfortunately, 
be considered only within the network. Although the 
durations of all fields over the network were computed, 
the findings do not give a complete picture. However, it 
was learned that some fields endured for at least 14 hours, 
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while others existed not even 1 hour. 
were in existence less than 6 hours. 


Many of the fields 


PREFERRED HOURS AND AREAS OF OCCURRENCE 


Pressure waves showed a marked tendency to occur 
during nocturnal hours. Maximum occurrence was be- 
tween 2100-2259 csr and 2300-0059 csr, with 80 of the 
157 waves in occurrence during each of these 2-hour 
periods. Minimum occurrence was between 1100-1259 
cst with only 5 of the 157 waves in occurrence during this 
2-hour period. Ratio of maximum to minimum is 16 to 1. 
The bihourly occurrences according to synoptic discon- 
tinuities are summarized in table 5 and the bihourly fre- 
quency distribution of all elevation type waves is graphed 
in figure 15. 

Elevation type waves showed some tendency to occur 
more often in certain portions of the network than in 


TaR_e 4.—Cases of elevation type waves according to their maximum 
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FiaurE 14.—Frequency of maximum amplitudes of elevation type waves. 
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Tasie 5.—Bihourly occurrences of elevation type waves 


Number of cases 
Inclusive hours, cst’ | Pre-cold-| tsoiated | Surtace | Cold | Isolated 
uall squall cold front discon- Total 
7 line front aloft | tinuity 
16 2 37 17 80 
16 2 35 7 14 74 
0300-0459 _ _ 1l 2 34 4 14 65 
area 8 2 26 3 13 52 
0700-0859 _ “ 6 2 17 3 10 38 
3 1 9 2 5 20 
Ss scaduenabaced 1 0 1 1 2 5 
 ,. . eae 5 1 1 2 5 14 
ese 9 2 4 2 13 40 
15 3 20 5 17 60 
16 2 29 7 18 72 
19 2 34 10 15 80 
80 
2 60 
Oo 
u 50 
40 
a 
ZY 
@ 30 Y 
Y 
5 
Y 
Y 
LA YY 
2 
wo 
2 
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INCLUSIVE HOURS (C.S.T.) 
Fiaure 15.—Bi-hourly frequency of elevation type waves. 


others. Maximum occurrence was at Ellis, Kans., with 
52 of the 157 waves occurring there. However, a line 
of maxima existed along a general north-south line which 
is roughly coincident with the 2,000-foot elevation con- 
tour. An area of secondary maxima existed farther east 
where Cottonwood Falls, Kans., had 49 of the 157 waves 
occurring there. Here again a line of maxima existed in 
a general north-south line which is roughly coincident with 
the Flint Hills region of Kansas. The significance of 
these maxima may be questionable, inasmuch as they 
occurred near the center of the network; a pressure wave 
line entering the network at random would have a greater 
chance of passing the center of the network than any other 
portion. Subsequent investigations, using data from the 
larger network of the 1953 project, may either prove or 
disprove the above findings. Although centers and lines 
of minimum occurrence did not exist, some portions of the 
network experienced fewer waves than others. Big Bow 
in extreme southwestern Kansas experienced only 16 of 
the 157 waves. The number of occurrences for each 
station is shown in figure 16. 

The fact that preferred hours and areas of occurrence 


FIGuRE 16.—Number of occurrences of elevation type waves per station. Isopleths are 
drawn for every 5 occurrences 


exist for elevation type waves might suggest that synoptic 
discontinuities generally have such a preference in their 
occurrence. This is not necessarily true. It is known 
from these data only that those synoptic discontinuities 
which coincide with elevation type wave lines have pre 
ferred hours and areas of occurrence. 


DEPRESSION TYPE WAVES ° 


WAVE PATTERNS 


Depression type wave patterns on the barograms vary, 
and any one field seldom has a unique pattern. A few 
patterns, examples of which are shown in figure 2 are: 
Abrupt pressure fall, gradual pressure fall, and V-shaped 


trough. 
RELATION TO SYNOPTIC DISCONTINUITIES 


Of the 243 pressure wave lines studied 80 were of the 
depression type. They are apparently discontinuities of 
a unique type which do not coincide with ordinary synoptic 
discontinuities. However, as will be shown later, some of 
them do have certain associations with various synoptic 
discontinuities. A depression type wave line, associated 
with a pre-cold-frontal squall line, is shown in the Mav 
13-14, 1952, case in figures 4 and 7-11. 


RELATION TO WEATHER 


Whereas elevation type wave lines are characterized 
by their coincidence with thunderstorm activity, depres- 
sion type wave lines are characterized by their lack of such 

6 The expression “depression type wave’’ is used here in a geometric sense, indicating 


only that a fall in pressure has occurred. It does not necessarily imply a depression type 
wave in the dynamic sense as defined by Tepper [14j. 
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activity. Although thunderstorms were occasionally pres- 
ent during their passage, such storms were usually in the 
dissipating stage, having begun with the earlier passage of 
an elevation type wave line. 


OTHER FEATURES 


Motion of depression type wave lines; size, amplitude, 
and duration of the fields; preferred hours and areas of 
occurrence; etc., were investigated. These features are 
yery similar to the corresponding features of elevation 
type wave lines, and a discussion of the findings will not 
be given. 

Depression type waves have been recognized by other 
authors. Brunk [2, 3] refers to them as “pressure pulsa- 
tions.” Tepper [12, 14], uses the expression “depression 
type wave,” which has been adopted by the author. 


COMBINATION TYPE WAVES 


In frequent cases an elevation type wave was followed 
by a depression type wave. Time interval between the 
two waves ranged from less than an hour to several hours. 
Of the 243 waves studied there were 44 cases (88 waves) 
of the combination type. An example of a combination 
type wave is shown in the barogram in figure 17. 

Although depression type wave lines never coincide 
with any synoptic discontinuities, those of the combina- 
tion type may be considered as associated with certain 
discontinuities. Table 1 shows various synoptic discon- 
tinuities with which combination types occurred. The 
examples shown in figures 3-11 are combination types. 

Thunderstorm activity with a combination type wave 
is rather sharply defined. It begins abruptly at the 
onset of the elevation wave and ceases nearly as abruptly 
at the trough of the depression type wave. 


The fields of combination type waves covered about the 
same areas for their component cases with some excep- 
tions. There was, however, a tendency for the field of 
one to be offset from the field of the other by as much as 
200 miles. Centers of maximum amplitude were offset 
in the same manner. Direction of the offset was usually 
north to east for the depression type wave. The offset 
of fields occasionally produced situations where individual 
stations in either of the fields experienced one wave but 
not the other. Small, intense fields were sometimes 
completely offset from each other. 


In the case of a combination type wave associated with 
a pre-cold-frontal squall line (see figs. 5-11), the presence 
of the wave lines may lead to erroneous locations of the 
synoptic discontinuities. Specifically the surface cold 
front may be placed incorrectly in the trough of the 
depression type wave line. During squall line formation, 
this error will indicate an apparent acceleration of the 
surface cold front. Later, when the squall line (elevation 


type wave line) and depression type wave line have dis- 
Sipated, the cold front, being correctly located again, will 
appear to have decelerated or even to have retrograded. 
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Ficure 17,—Exampke of a combination type pressure wave as recorded by the 12-hour 
barograph. 


In attempting to understand the reasons for a com- 
bination type wave, the following possibilities are offered: 
(1) In some cases the depression type wave may represent 
a return to normal pressure following the passage of the 
elevation type wave. (2) In a sense the micro-trough of 
the depression type wave may represent the area from 
which air was removed to build up the micro-ridge of the 
elevation type wave. (3) The two waves may represent 
a unique association which is the result of certain 
mechanisms. 

The question arises concerning those elevation type 
waves and depression type waves that did not occur in 
combination. These explanations are offered: (1) Many 
waves undoubtedly do not exist in combination; the 
separate waves occur from independent mechanisms. 
(2) In some cases the apparently missing member of the 
combination may have existed but may have been 
obscured by other pressure changes. An extreme offset 
effect may occasionally make the combination unrec- 
ognizable. 

Brunk [2, 3] has recognized the combination of waves 
as related to squall lines. However, there is at present 
no conclusive evidence to show that the “pressure pulsa- 
tion” ever develops into a tornado. Neither should this 
area of low pressure be confused with the ‘tornado 
cyclone” [1] or the “‘micro-low” [15]. These low pressure 
areas were observed to occur directly along the elevation 
type wave line. Combination type waves are separated 
in time and space. 


ROTATING STORMS 


MICRO-CYCLONES 


It was hoped that more could be learned of the micro- 
low [15] and the tornado cyclone [1]. Although there 
was frequent evidence of a fall in pressure in advance of 
the elevation type wave line, no important low centers 
along the line could be isolated. Either micro-cyclones 
are exceedingly rare, or else the network was too coarse 
to indicate them. 

TORNADOES 

It would be appropriate to present a typical barograph 
trace of a station experiencing a tornado. However, 
except for one or two cases where a small tornado occurred 
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within a few miles of a station, no high speed barograph 
traces of a tornado itself were recorded by the 1952 net- 
work. Although it is generally known that a great 
reduction in pressure occurs within the tornado, the 
exact relationship of this pressure change to pressure 
wave lines is not clear enough at this time to indicate a 
satisfactory idealized trace. 

The occurrence of tornadoes was generally (although 
not always) along elevation type wave lines, i. e., pressure 
jump lines. This is in agreement with earlier findings of 
Tepper [9, 11]. <A total of 143 tornadoes’ was reported 
to have occurred over the network in 1952. These 
tornadoes occurred under 55 different synoptic situations. 
Table 1 indicates the occurrence of tornadoes according 
to their association with elevation type wave lines. From 
this table it is evident that any synoptic discontinuity 
that is coincident with an elevation type wave line, can be 
suspect of tornadoes. 

It is indicated that a sizable number of tornadoes oc- 
curred without the presence of an elevation type wave 
field. In this regard certain possibilities exist: (1) A 
reexamination of the barograms with the knowledge that 
tornadoes had occurred, might reveal a weak field. (2) 
The field may have been too local to have been recorded 
at any of the barograph stations. (3) There may actually 
have been no field at all. 

It was previously indicated that elevation type waves 
occur much more frequently during late evening hours. 
In view of the fact that tornadoes are thought to occur 
most often in the Central Midwest area during late 
afternoon hours, it may seem inconsistent that such an 
association exists. This fact leads us to the finding that 
the earlier an elevation type wave line enters the network, 
the more likely will be the occurrence of tornadoes. 
Beginning time for all elevation type wave lines averaged 
2110 csr. Beginning times for those which had asso- 
ciated tornadoes averaged 1730 cst or 3 hours and 40 
minutes earlier. 

In seeking a further relationship between elevation type 
wave lines and tornadoes, it became apparent that tor- 
nadoes did not occur at random in the pressure wave 
field. It was possible to classify tornadoes into three 
general categories relative to the portions of the field in 
which they occurred, as follows: (1) At or near the 
inception of the field. (2) At or near the southern 
boundary of the field. (3) At or near the center of 
maximum amplitude. Table 6 summarizes the number 
of occurrences relative to these categories. An idealized 
isochrone chart showing these areas of occurrence is given 
in figure 18. 

In seeking an answer as to why tornadoes occurred 
in certain portions of the field and not in others, this fact 
was noted: In most cases where tornadoes occurred, there 
was a marked difference in amplitude of the pressure wave 


7 Reports of tornadoes were screened from all available sources, including observer 
reports and news clippings. Not all tornadoes were confirmed. Although the accuracy 
of these reports leaves much to be desired, the information is probably as reliable as it has 
been in previous years. 
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TasLe 6.—Number of tornadoes located in various paris of the 
pressure wave field 


Location relative to pressure wave field: 
At or near inception of field 
At or near center of maximum amplitude 
At or near southern boundary of field 


FiaureE 18.—Idealized isochrone chart showing preferred areas of tornado occurrence, 
Tornado areas are shaded, 


from one side of the tornado zone to the other. Change 
was always from little or no wave to an intense wave. 
Such changes frequently occurred within a distance no 
greater than the spacing between stations (25 to 50 miles), 
and very likely within much smaller distances (possibly 
less than a mile). Direction of change was either normal 
to the wave line and in the direction of its motion, or 
northward along the line. A study of the forces prevailing 
to cause such variations in the pressure wave might re- 
veal how tornadoes are generated. Specifically a very 
large wind shear value might be obtained, and the result- 
ing vorticity could be sufficient (other conditions favor- 
able) to generate a tornado. 


DUST DEVILS 


On three occasions dust devils, or whirlwinds, occurred 
very close to the station at Big Bow, Kans. On two of 
these occasions there were no clouds in the sky. Although 
the dust devils did not occur along pressure wave lines, 
it is interesting to note that changes in pressure did occur 
locally. Pressure change on the Big Bow barograph for 
the best case was a nearly symmetrical V-shaped trough 
of about 1 minute width and 0.04 inch depth. 


CONCLUSIONS 


1. The frequent occurrence of pressure wave lines and 
associated weather indicates that such weather is very 
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common. Much of the thunderstorm activity, severe 
and otherwise, in the Central Midwest area, is related to 
pressure wave lines. 

2. Elevation type wave lines may coincide with certain 
synoptic discontinuities; namely, pre-cold-frontal squall 
lines, isolated squall lines, surface cold fronts, and cold 
fronts aloft. They may also be isolated. They do not 
coincide with surface warm fronts. Elevation type wave 
lines are characterized by thunderstorm activity, which 
may be severe. 

3. General features of elevation type wave lines are 
amazingly similar, even though such lines may coincide 
with a variety of synoptic discontinuities. 

4. Depression type wave lines are discontinuities of a 
unique type, which do not coincide with ordinary synoptic 
discontinuities. They are characterized by a lack of or 
cessation of thunderstorm activity. 

5. The continuity of pressure wave lines and their 
continuous movement indicates that there is nothing 
random about the occurrence and movement of severe 
storms. Although truly isolated air mass thunderstorms 
occur, many storms thus labeled actually coincide with 
isolated pressure waves that move in a regular manner. 

6. Many elevation and depression type waves occur in 
combination. 

7. The existence of preferred hours and areas of occur- 
rence suggests that diurnal and topographic forces are 
dominant in the genesis of pressure waves, this being 
true even though the pressure wave line may be imme- 
diately related to some synoptic discontinuity. The oc- 
currence of pressure waves in the Central Midwest area 
is believed to be intimately related to the presence of the 
Rocky Mountains. 

8. The occurrence of most tornadoes along elevation 
type wave lines (or pressure jump lines) substantiates 
Tepper’s findings. Tornadoes occur in enough cases (27 
percent for the 1952 season) to make this assocation sig- 
nificant. The further tendency for tornadoes to occur 
in certain portions of the pressure wave field is of inter- 
est and may indicate some of the forces that generate 
tornadoes. 

9. Pressure waves may be of very short duration and 
may cover a very small area. This localizing of the forces 
involves leaves a most difficult forecast problem. A 
knowledge of typical features of pressure wave lines will 
help to minimize this problem. 
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ABSTRACT 


Some climatological data on the seasonal, diurnal, and geographical distribution of tornadoes in Georgia are 
presented, and the tornado “season” is defined as occurring from February through April. Twelve different storms 
producing tornadoes during one or more 12-hour forecast periods are studied for synoptic similarities. A mean tor- 
nado sounding and a 700-mb. composite chart, taken from data preceding tornado occurrences, are shown. Large 
differences are found in surface map types whereas at the 700-mb. level there are striking similarities. The synoptic 
similarities are incorporated into an objective forecast aid through a stratification process such that most ‘‘no-tornado”’ 
cases are quickly dismissed by an inspection of the maps currently available in forecast offices, whereas ‘‘threat’’ 
cases must be further checked against five criteria and four scatter diagrams. Tests show that this aid, when used 
as a method in itself, correctly anticipates most of these storms and at the same time, it results in about 244 forecasts 


of tornadoes for every one reported, 


INTRODUCTION 


The tornado is the most violent and destructive, per 
unit area, of all weather phenomena in the United States 
with which the forecaster must deal. These storms occur 
rather infrequently and when they do occur they are so 
localized that the forecasting problems involved have 
seemed almost insurmountable to many forecasters. 
However, the concentrated efforts of several investi- 
gators during recent years have produced such encouraging 
results that forecasts of these storms over limited areas 
and for relatively short lengths of time are now believed 
to be warranted. While the frequency of tornadoes in 
Georgia is relatively small as compared with many States, 
their occasional occurrence still poses a serious problem 
to the forecaster in this area. Indeed, the infrequency 
of occurrence of these destructive storms tends to accen- 
tuate the seriousness of this problem rather than to 
detract from it. Three tornadoes have claimed some 328 
lives and one of the most destructive tornadoes ever 
reported struck Gainesville on April 6, 1936, taking 
203 lives. 

Most investigators have been largely concerned with 
the tornado problem in those areas where they are more 
often observed. For one thing, much more data on 
occurrences are available for study and also the greater 
destruction to life and property demands the attention 
of those few who are able to study this problem. During 
the spring season of 1952, the forecasters at the Weather 
Bureau District Forecast Office in Atlanta closely followed 
the forecast technique which was devised by Fawbush, 
Miller, and Starrett [1]. In addition, close attention 
was also given to ideas on squall line formation and 
tornado development which have been presented by 


Lloyd [2], Showalter and Fulks [3], Crawford [4], and 
Fulks [5]. This study was necessarily limited but there 
seemed to be some evidence that the development of 
tornadoes in Georgia resulted from somewhat different 
causes than those which have been studied farther west 
and for which forecast rules have been formulated. 
Climatological data furnished by the Climatological 
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Figure 1,—Diagram showing the monthly variation in tornado days for Georgia, 
1880-1942. 
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FicuRE 2.—Diagram showing the hourly frequency distribution (smoothed) of reported 
tornadoes in Georgia, 1916-50. 


TORNADO OCCURRENCES 


Division of the U. S. Weather Bureau and based on 62 
years of record on the monthly frequency distribution, 
shown in figure 1, clearly outlines the tornado “‘season’”’ in 
Georgia as occurring during the months of February, 
March, and April. The diurnal frequency distribution 
was taken from these data also, but only for the years 
1914-40; a smooth curve of these data is shown in figure 2. 
While this curve shows a maximum around 1700 gst, the 
diurnal variation in frequency is decidedly less than in 
those areas where tornadoes occur more frequently— 
Kansas, for example. It was therefore decided to dis- 
regard any diurnal effects and limit the study of tornadoes 
in Georgia to the months of February, March, and April, 
plus January since the climatology would be similar to 
February and March. 

Mindling [6] has pointed out that there is a ‘Tornado 
belt”” about 60 miles wide that is parallel to and slightly 
south of the Appalachian Mountains. The reported 
tornadoes during the past 68 years are shown in figure 3 
and while the locations of storms reported during the past 
14 years plus those shown in Mindling’s paper do not 
completely verify his statement, there appears to be a 
concentration in this area. However, these data are not 
entirely representative because the areas over which the 
fewest tornadoes have been reported are, in some cases, 
coincident with the sparsely populated areas. Very few 
tornadoes have ever been reported in the vicinity of the 
Okefenokee swamp in southeast Georgia whereas the 
greatest concentration of occurrences is within an 80-mile 
radius of Atlanta. On the other hand, the areas over 
eastern Georgia between Savannah and Augusta, extreme 
northwest Georgia, and extreme southwest Georgia are 
rather densely populated but relatively few tornadoes have 
been reported there. These data suggest that most of 
the apparent concentration is real so that the probability 
of tornado occurrences over extreme northwest Georgia 
and over southeast Georgia is considerably less than over 
the area around Atlanta as shown by Mindling. 

Some information regarding the movement of tornadoes 
or tornado areas from State to State would be desirable 
because, ordinarily, the period during which the forecaster 
smost concerned about severe storm warnings for Georgia 
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Fiauge 3.—Map showing the locations of all reported tornadoes in Georgia from 1884 
through May 1952. 


is that following reports of tornadoes to the west. Some 
data were compiled on reported tornadoes in Mississippi, 
Arkansas, and Georgia from January 1934 through April 
1952. During this 19-year period, 44 tornado days oc- 
curred in Arkansas and, during the following 24-hour 
period, three tornado days were subsequently reported in 
Georgia. Forty-four tornado days occurred in Georgia 
during this same period. A similar check was made of 
the tornado days in Mississippi and it was found that 42 
tornado days occurred there and in 3 cases, tornadoes 
were subsequently reported in Georgia. It is of some 
interest to note that in two of these cases, tornado areas 
appeared to move from Arkansas through Mississippi and 
on into Georgia. It was found that there were 12 cases 
(out of 44) in which tornado areas appeared to move from 
Arkansas to Mississippi. But, in general, the relation- 
ship here between tornado days in either Mississippi or 
Arkansas and Georgia is not a good one so that extrapola- 
tion techniques would usually be misleading 

The objective of this study was, simply, to learn more 
about tornado forecasting in Georgia. While this is quite 
a broad and loosely defined objective, our rather meager 
knowledge of these phenomena in this area seemed to 
demand such an approach for the present. There are 
numerous factors which evidently preclude the achieve- 
ment of perfect forecasts at this time and this study is 
aimed at deriving the maximum information with the 
knowledge, data, and time available for this work. It is 
not within the scope of this study to thoroughly examine 
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and utilize theoretical considerations regarding tornado 
development except as they may suggest useful meas- 
urements from the various charts which are available or 
could be provided to the forecaster. 


The period of study covered the months of January, 
February, March, and April of those years for which con- 
stant pressure maps are available, 1946 through 1952. 
Data on reported tornadoes were taken from the records 
in the Weather Bureau Section Center in Atlanta. Mete- 
orological data on tornado situations were determined at 
least 8 hours prior to, but no more than 20 hours before 
the occurrence. This period of record includes only 12 
tornado situations and in 4 of these, several tornadoes were 
reported in consecutive forecast periods. No part of 
these data was withheld for test purposes. Forecast data 
chosen from the 0300 amr soundings and the corresponding 
0630 emr surface data are used to cover the 12-hour fore- 
cast period beginning at 0600 ust. Forecast data from 
the 1500 Gmr soundings and the 1830 emr surface data 
cover the 12-hour forecast period which begins at 1800 
EST. 

The investigation was divided into two parts. The 
first was a study of synoptic types or features of the surface 
maps, soundings, and some of the upper air charts which 
preceded tornado occurrences by 8 to 20 hours. In the 
second phase, these results were utilized through specific 
definitions and measurements and combined into an objec- 
tive forecast aid. 


SURFACE MAPS 


A survey of the surface maps nearest the time of tornado 
occurrence revealed a wide variety of map types. Of the 
12 tornado cases, or tornado days, which occurred during 
these 7 years, 7 cases could be associated with instability 
lines, 3 occurred with a cold frontal passage, 1 developed 
above a warm frontal surface, and the other case occurred 
in the vicinity of a stationary front. The low pressure 
centers associated with these fronts ranged from deep, 
intense storms in Iowa, Illinois, and Indiana, to weak and 
indefinite centers in the Gulf of Mexico. Even the synop- 
tic situation in the 6 cases of tornadoes with instability 
lines showed wide difference from map to map. Consider- 
ing all cases, most of these low centers associated with 
tornado days were deepening at the time of occurrence but 
surface indications beforehand were inconclusive. 


There were two features of these surface maps that 
seemed to be common to all 12 situations. The first was 
the presence of maritime tropical air at the surface where 
tornadoes were reported (mT air is defined here as having 
a dew point of 60°F. or higher from January through 
March and 63°F. in April). The narrow band of high 
dew points, noted by Fawbush and Miller in more westerly 
areas, was not observed here. Instead, mT air was rather 
uniformly distributed over most of the Southeast in these 
cases. The second feature that was common to all of the 
surface maps was the absence of a large cold High either 
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over the Midwest or following behind a cold front, 
Instead, cP or mP air was found, ordinarily just behind 
a cold front, and no case was found in which Arctic air 
was replacing mT air over the Southeast. 


TORNADO SOUNDINGS 


Upper air soundings immediately preceding each of these 
12 cases were carefully examined for features that might 
be common to all, or most of them. The soundings were 
chosen from Atlanta or Apalachicola, Fla., whichever was 
closer to the subsequent tornado occurrence and also 
within the tropical air mass. In 6 of these 12 cases, rain 
was occurring at the time of the sounding. Nearly con- 
tinuous rain preceded one tornado case by about 36 hours 
and 7 tornadoes (the greatest number reported in any 
storm used in this study) were reported about 50 miles 
south of Atlanta. Only three of these soundings exhibited 
the characteristic inversion, with a sharp decrease in 
moisture above, as suggested by Showalter and Fulks [3] 
and by Fawbush and Miller [7]. The heights of the base 
of the inversion in these cases were 6,000, 7,000, and 9,000 
feet and all were instability line cases. Six of the ten 
soundings preceding instability line or cold front cases, 
including the three above, showed at least small inversions, 
isothermal layers, or a change in stability along with a 
layer of dry air with the base of the stable layer ranging 
from 10,000 to 14,000 feet. The other four soundings 
showed a smooth lapse rate which about paralleled the 
moist adiabat and with very high moisture values through- 
out. The sounding for the warm front case showed a 
typical moist inversion at 10,000 feet and very dry air 
above 500 mb. The sounding for the stationary front case 
was relatively moist throughout and although it was 
rather stable there were neither inversions nor isothermal 
layers. 

A mean sounding for these 12 cases was constructed by 
averaging temperature and dew point values at eaeh 
50-mb. level from 950 to 400 mb., plus the 980-mb. level. 
This technique would tend to smooth out inversions or 
isothermal layers, so the average height of the base and 
top of the inversion, the average temperature increase 
through the inversion, and average dew point values 
were determined for six cases. These averages are shown 
as dotted lines in figure 4 along with the mean sounding. 
The Showalter Stability Index [8] in these 12 cases ranged 
from +9 to —3 with an average of about +3°. This 
analysis of tornado soundings taken within 50 to 200 
miles of the tornado occurrence and from 5 to 12 hours 
before, revealed quite a wide variety of soundings and 
evidently the only important feature that they all had 
in common was rather high moisture values at the 850-mb. 
level and below. It was noted that a decrease of equiv- 
alent potential temperature with height is also a common 
feature of these soundings, but since it is a normal chat- 
acteristic of mT air in this area, it is not considered to be 
of any importance or forecast value here. 
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850-MB. CHARTS 


Some study of the individual 850-mb. charts prior to 
tomado development showed that most of these maps 
exhibited a pattern similar to that found by Crawford 
(4] as being necessary for instability line development. 
Warm air, usually 10° C. or higher, was already over 
Georgia and estimated dew points at the time and place 
of tornado occurrence were at least 8° C. or higher. Also, 
there was usually very cold air west of a trough located 
near the Mississippi River. However, there was con- 
siderable variation in map types so that the only im- 
portant feature of these charts that appeared to be com- 
mon to all of these cases was very moist air immediately 
upstream from tornado occurrence. 


700-MB. CHARTS 


A composite 700-mb. chart, figure 5, was prepared for 
all of these tornado cases and since four of them occurred 
in consecutive forecast periods, as defined here, these data 
are based upon 16 different maps. This chart shows a 
pronounced trough over the Plains States with warm 
air ahead and cold air behind the trough line. Further 
study of the individual cases revealed that all of these 
troughs (closed Lows in 10 cases) bad cold air behind and 
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FicuRE 4.—Mean sounding of 12 tornado cases in Georgia. The solid line is the tempera- 
ture curve, the dashed line is the dew point curve, and the dotted lines represent a 
mean of 6 cases which had inversions or isothermal layers. 
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pronounced warm air ahead of the trough line. This is 
nearly identical to the pattern that Crawford [4] found 
necessary for instability line development and also, in 
most cases, very similar to George’s Cyclogenesis Pattern 
[9]. This temperature distribution seems to be a very 
important factor since tornadoes were never observed 
with cold air over Atlanta or warm air over the southern 
Plains. Also, if temperatures are colder over southern 
California than just behind the cold trough in the Plains, 
tornado situations evidently do not develop in Georgia. 
Another feature of these charts that was common to all 
was a belt of very strong westerly to southwesterly winds, 
and/or unusually strong contour gradient just ahead of 
the trough line over the Southern States, usually Texas 
or Louisiana. This feature is similar to a rule proposed 
by Fawbush, Miller, and Starrett [1] for tornado occur- 
rence farther west. In all cases the trough was well west 
of Georgia between Amarillo and Memphis, so that the 
winds over Georgia were from the west to southwest and 
never from the south. The flow was always cyclonic or 
tending toward cyclonic and no tornado cases were found 
in which unquestionable anticyclonic flow prevailed over 
Georgia during the 12 hours prior to tornado occurrence. 
Some further study of these 700-mb. charts showed 
that most of the tornado situations were associated with 
fast-moving troughs which were frequently deepening and 
never filling or flattening. In these cases, the cold tongue 
was within 200-300 miles of the trough line. Some fur- 
ther study, necessarily limited, of numerous cases of 
pronounced 700-mb. troughs which included many “no- 
tornado”’ situations suggested a relation between trough 
speed of movement and the distance of the cold tongue 
behind the trough line. With the cold tongue located 
from 200-300 miles behind the trough line, the trough 
moved rather rapidly: a distance of 400-600 miles between 
the trough and cold tongue was marked by slower move- 
ment than normal; but where the distance increased to 
600-—1,000 miles, the trough either remained stationary or 


Figure 5.—Composite chart of 700-mb. data which preceded the occurrence of 16 tornado 
periods in Georgia from 1946 through 1952. The solid lines are contours and the dashed 
lines are isotherms. 
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developed retrograde movement. This is in general agree- 
ment with a previous study of trough movements at this 
level [10]. Thus the 700-mb. trough must be a moving 
one but no attempt was made to define the speed of move- 
ment through the isotherm-contour relationship. 


500-MB. CHARTS 


Very cold air was also found at the 500-mb. level just 
behind a pronounced trough and, of course, the air was 
also extremely dry. In these cases the cold, dry air was 
so far from the location of tornado occurrence as to pre- 
clude the possibility of its being directly associated 
although it was undoubtedly a factor in influencing the 
flow pattern prior to tornado development. In general, 
contour and isotherm patterns at this level were very sim- 
ilar to those found at the 700-mb. level but it was noted 
that no tornado cases were found in which the contours 
indicated an anticyclonic flow over Georgia some 8 to 20 
hours prior to tornado development. 


SUMMARY OF SYNOPTIC FEATURES 


This study of soundings and of the various synoptic 
features revealed the following phenomena as being asso- 
ciated with tornadoes in Georgia: 

1. Maritime tropical air at the surface, over a broad 
area, and with either cP or mP air to the west of a 
surface Low or front. 

2. High moisture values to at least 5,000 feet. Inver- 
sions or isothermal layers may or may not be present 
and stability appeared to be unimportant. 

3. Warm and moist air upstream at the 850-mb. level. 
4. The trough line of a pronounced and moving 
700-mb. trough, or Low center, somewhere between 
Amarillo, Tex., and Memphis, Tenn. This trough or 
Low must have developed over the Plains States or 
have moved in from the Northwestern States. 

5. Cyclonic circulation at the 700- and 500-mb. 
levels over Georgia. 


AN OBJECTIVE FORECAST AID 


The results of this generalized study are difficult to 
evaluate because most of the similar situations which did 


not produce tornadoes have been ignored. Thus, in ac- 


tual use, many more “threat” situations would arise than 
tornado cases and such generalized rules cannot, in gen- 
eral, accurately indicate the relative weight to be applied 
to the various rules so that too many cases are left open 
to question. It seemed desirable, therefore, to utilize the 
results of this study through specific definitions and 
measurements and then combine them into an objective 
forecast aid. 

The stratification method used by Palmer [11, 12] and 
Schmidt [13], is not only a very useful tool for combining 
variables but it also produces an aid which demands an 
absolute minimum of the forecaster’s time. This method 
is particularly well suited to a study of phenomena which 
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occur as infrequently as do tornadoes in Georgia. We 
know from climatological data that tornadoes occur on 
only about 2 percent of all days during these months go 
it would be undesirable to develop a complicated procedure 
which must be followed on each day. Instead, using 
Palmer’s method, one or two simple rules can be formu- 
lated so that most cases can be quickly and easily dis. 
missed as “no-problem”’ cases. 

Using the preceding phase of the study as a guide, rules 
were formulated to eliminate most of the no-tornado 
cases and, at the same time, to retain all of the tornado 
situations. Greater accuracy, in terms of percentage cor- 
rect, could have been achieved through the elimination of 
a considerable number of no-tornado cases at the ex- 
pense of a few tornado cases but it is believed that this 
would appreciably restrict the usefulness of this work, 
Indeed, the highest percentage correct most likely can be 
attained through a straight “‘no-tornado” forecast. These 
rules, along with a brief explanation of the purpose of 
some of them, are listed approximately in their order of 
importance in eliminating no-tornado cases. 

Tornadoes in Georgia, during this period of study, oc- 
curred only when all of the following criteria were met: 

1. 700-mb. height differences of 80 feet or more, 
Hatteras, N. C., minus Little Rock, Ark., and 110 
feet or more, Las Vegas, Nev., minus Oklahoma City, 
Okla. This rule is intended to determine the exist- 
ence or nonexistence of a trough located between 
Chattanooga, Tenn., and Albuquerque, N. Mex. 
(This criterion eliminated 479 cases of the 842 fore 
cast periods studied.) 

2. A surface dew point at either New Orleans, La., 
or Dothan, Ala., of 60° F. or higher during Jan- 
uary, February, and March or 63° F. or higher dur- 
ing April. These dew points are commonly used in 
this area to define surface mT air. (This criterion 
eliminated 168 of the remaining 363 cases.) 

3. A 700-mb. trough line (associated with a Low or 
trough at 35° N.) east of Amarillo, Tex., and west of 
Sault Ste. Marie, Mich. Winds that were north of 
west or contours indicating such a wind were used to 
determine that a trough was definitely east of these 
stations. 

4. A latitude value, Lyoo, greater than 20° which is 
found by following the 500-mb. contour upstream 
through Atlanta to its lowest latitude east of 100° 
W. This criterion eliminated many situations in 
which a strong anticyclonic flow prevailed over 
Georgia at this level. There are infrequent situa- 
tions in which the contour through Atlanta does not 
extend below 20° N., due to a closed anticyclonic 
circulation and a latitude value of 20° N. was arbi- 
trarily assigned in these cases. 

5. A 700-mb. temperature at Atlanta of —1.0° C. or 
warmer. 

6. Appropriate parameters selected for any given 
situation and entered on figures 6, 7, 8, and 9 |lo- 


Pease 


re} 
F 
8 


NO-TORNADOLS 


“4 


Lroo THROUGH ave. AND EAST OF 100*wW (UPSTREAM) 


| 
; 
. . 
no- TORNADOES | 


ge 96 92 90 ee 82 
LONGITUDE OF LOWEST SEA LEVEL PRESSURE AT 30°N. BETWEEN 80°W. AND 100°W. 
Ficure 6.—Diagram showing the relation between the lowest latitude value, Loo, of the 
700-mb. contour upstream from Atlanta (ATL) east of 100° W., and the longitude of 
the lowest sea level pressure along the 30th parallel between 80° and 100° W. for all 


cases not eliminated by any one of the 5 criteria (see p. 294). Prepared from 28 months 
oforiginal data. ‘T’’ represents tornado periods and dot represents no-tornado periods. 
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Ficure 7.—Diagram showing the relation between the 700-mb. temperature, Tz, at 
Columbia, Mo. (CBI and the 700-mb. height difference, Hz, Little Rock, Ark. 
(LIT) minus Joliet, Ill. (JOT) for those same cases shown in figure 6. 


cated the case in question within the “tornado area”’ 
of all four of these charts. 

In figure 6, the longitude of the lowest sea level pressure 
along the 30th parallel, between 80° and 100° W., was 
usually found to be coincident with the position of a cold 
front at this latitude. Lo9 was determined by following 
the 700-mb. contour upstream from Atlanta to the lowest 
latitude value east of 100° W. As in the case of Lisoo, if 
there was e closed High so that the contour did not extend 
below 20° N. a latitude value of 20° was arbitrarily 
assigned. This diagram was intended to eliminate some 
of those cases of (1) small Ly) values (anticyclonic circu- 
lation or a deep trough well west of Georgia) with sea level 
Lows or troughs which were also a considerable distance 
west of Georgia, and (2) those cases with large Lz. values 
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FicurE 8.—Diagram showing the relation between the 700-mb. temperatures Tyo at 
Oklahoma City, Okla. (OKC), and Little Rock, Ark. (LIT), for those same cases 
shown in figure 6. 
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FicurE 9.—Diagram showing the relation between dew point values (Tpp) at New 
Orleans, La. (MSY) at the 850- and 700-mb. levels for those same cases shown in 


figure 6, 


(troughs of small amplitude or troughs that have nearly 
reached Georgia) with sea level Lows or troughs that are 
already too far east to constitute a threat. 

Figure 7 is intended to eliminate many cases of strong 
westerly flow in smooth troughs in which important con- 
vergence is lacking. One form of convergence at this level 
results from sharp troughs with marked changes in wind 
direction within short distances. On the other hand, the 
smooth trough with strong westerly winds is not often 
associated with rain or thunderstorms in this area. In 
these cases, the cold air usually moves in from the north- 
west and reaches Columbia, Mo., before reaching Okla- 
homa City. The 700-mb temperature at Columbia is 
used as a measure of this cold air. The 700-mb. height 
difference, Little Rock, Ark., minus Joliet, Ill., is intended 
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WORK SHEET FOR GEORGIA TORNADO STUDY 


Month Year 
Ha99 Sie Tpp | 700-mb T799 ATL Fig. 6 * Fig. 7 Fig.8 | Fig. 9 
Las-oxc "DEN Weer] Long. of |T H T7 MSY | Forecast | Ob 
“soor | | >59°F | of | of | >20° | warmer | ATL | lowest sfe| CB! |LIT-JOT | OKC) LIT 
| more more | (>62°Apr)| AMA| SSM P at 30°N 


Figure 10.—Ilustration of a work sheet for this study which is used at the Atlanta District Forecast office to facilitate the compilation of data in actual forecasting. 


as a measure of the strength of the westerlies at 700 mb. 
and, indirectly, a measure of convergence at this level. 

Figure 8 simply delineates the 700-mb. temperature 
range at Oklahoma City and/or Little Rock which was 
subsequently followed by tornadoes. For example, very 
low temperatures at Oklahoma City and/or Little Rock 
seem to preclude tornado development. Also, very warm 
temperatures at Oklahoma City were not associated with 
subsequent tornado development in Georgia. 

Figure 9 illustrates the importance of high moisture 
values at both the 850-mb. and 700-mb. levels at New 
Orleans. Tornadoes in both of the cases in which the 
850-mb. dew point was less than 0° C. occurred very early 
in the forecast period and followed a period during which 
tornadoes were reported. It is interesting to note here 
that dry air at the 700mb. level is apparently not necessary 
for tornado development in the Southeast. 

Since considerable use was made of temperature data it 
might be expected that better results would be found in 
using departures from normal or otherwise taking some 
account of the seasonal variation when so many different 
months were used. Some “normal”? values were com- 
puted for the four months of original data but it was found 
that consideration of the departure from normal resulted 
in only slight improvement. It was therefore felt that 
additional confusion involved in using these results would 
not warrant their use. In addition, it will be very easy 
for the forecaster to give some consideration to this 
seasonal effect when he is actually applying the method. 

All of the above criteria were met 37 times during this 
period of study and tornadoes were reported during 16 of 
these 12-hour periods. No tornadoes were reported 
which did not meet all of these criteria. Of the 21 periods 
for which tornadoes were “‘forecast’’ but were not reported, 
rain was observed in all cases; thunderstorms were reported 
in 18 cases; and a cold front preceded by an instability 
line was noted in most of these situations. There were, 
of course, many other situations in which thunderstorms 
occurred but it is encouraging to note that when this 


method is in error, it is a matter of degree. Further study 
of both the tornado cases and “error” cases suggests that 
the difference between tornadoes and thunderstorms in 
this area and season is often fortuitous. 


In actual use at the District Forecast Office in Atlanta, 
the compilation of data is somewhat simplified through the 
use of the work sheet illustrated in figure 10. It is seldom 
necessary for the forecaster to check through all of these 
data since failure to meet any one of these criteria im- 
mediately eliminates a situation from further considera- 
tion. It was not possible to make a reliable analysis of 
probabilities on any of the scatter diagrams (figs. 6, 7, 8, 
and 9) nor did there seem to be any obvious relationship 
between the various parameters and the number of 
tornadoes reported with any given storm. In drawing 
the lines which separated tornado cases from no-tornado 
cases on these scatter diagrams and in developing the 
first 5 criteria, some allowance was made for values beyond 
those actually found in the 16 tornado periods studied. 
For example, tornadoes followed only those cases in which 
the height difference, Hatteras minus Little Rock, was 100 
feet or more but in compiling data, values of 80 feet or 
more were used. In general, data from a situation with 
only one or two tornadoes fell closer to the lines of separa- 
tion between tornado and no-tornado cases than the data 
for more severe storms. The same is also true of data for 
tornado cases occurring in the early part of a forecast 
period following a period in which tornadoes occurred. 
However, data appear to be too limited to justify such @ 
conclusion at this time so that the results of this study, in 
themselves, do not permit an estimate of the severity of 
these storms. 


TESTS 


The number of tornado occurrences in Georgia is 80 
small that it seemed best to utilize all of the available data 
in formulating a method and then resort to data from 
adjacent areas and months for testing. These test data 
are not strictly comparable to the dependent data so that 
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the tests should be expected to show somewhat inferior 
results than would be true with comparable data. The 
frequency of tornado occurrences increases westward 
through Georgia and Alabama but the frequency difference 
between Georgia, particularly west Georgia, and that 
portion of Alabama which lies east of a north-south line 
through Birmingham is probably small. There will, of 
course, be some time difference due to the distance in- 
yolved and perhaps some climatological or meteorological 
differences. Tests were made with the following data: 
(1) Constant height data from 1942 through 1945 for both 
Georgia and eastern Alabama; (2) November and De- 
cember constant pressure data for both Georgia and 
eastern Alabama from 1946 through 1952; (3) constant 
pressure data for eastern Alabama from 1946 through 1952 
for January through April; and (4) very limited testing on 
Georgia tornadoes only, made with the analyzed Northern 
Hemisphere maps from 1934 through 1939. 

The criteria were tested on all tornado cases which were 
reported in eastern Alabama during January through 
April from 1946 through 1952. Ten cases occurred but 
six of these preceded tornadoes in Georgia which were 
used as dependent data. Three of the remaining four 
tornado cases were not forecast by this method but two 
of these errors were due to a time lag and therefore not 
considered to be serious. The third error was due to a 
number of criteria not being met so that case was decidedly 
different from those examined in Georgia. 

There were 12 tornado cases in Georgia, eastern Ala- 
bama, or both from 1942 through 1945 and constant height 
data were available for those cases. It was not possible 
to make an exact check of these criteria because of data 
differences and deficiencies, but all of the criteria appeared 
to have been met in 10 cases. Both errors were due to the 
occurrence of tornadoes when several of the criteria were 
not satisfied. 

The climatology for the months of November and 
December, particularly November, is somewhat different 
than for the months used in this study. However, data 
for tornado occurrences in Georgia and eastern Alabama 
during the months of November and December for the 
years 1946 through 1952 were compiled and these criteria 
tested on those cases. Eight tornado periods were 
reported during this period and all criteria were met in 
seven of them. The case that was missed involved three 
tornadoes in north central Alabama that occurred very 
late in the forecast period. In the following period, all 
criteria were met with the exception of the 700-mb. 
temperature at Oklahoma City which was 2° C. too warm. 
The seasonal effect is much larger than this and the 
tornadoes occurred quite a distance from Georgia so this 
“error’’ is not considered to be a serious one. 

As an additional check upon the validity of these rules, 
all tornado cases in Georgia were checked against the sur- 
face, apoB, and winds aloft charts that were available. 
This period covered the years 1934 through 1939 and in- 
cluded 21 cases. This test was, of course, only an approxi- 
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mation because of very limited data, particularly 
temperatures, but it did permit some check of the first 
three criteria. Also, the fourth criterion was checked by 
using the analysis at the 3-km. level. The criteria in- 
volving the pressure distribution appeared to have been 
clearly met in 18 of these cases; 1 case was questionable, 
and 2 other cases were definitely in error. Although sur- 
face dew points were not available in all of these cases, 
mT air at the surface was apparently always present. 
These tests on data from eastern Alabama and over these 
many years indicate that not all tornadoes in this area 
can be correctly forecast by this method but it was noted 
that almost all of the errors were connected with the oc- 
currence of single tornadoes. In other words, the situa- 
tions involving two or more tornadoes seemed to fit the 
pattern defined by the criteria. No check was made of 
the number of tornadoes that would have been “‘forecast”’ 
from these rules when none were reported but it seems 
reasonable to expect that the number would not vary 
appreciably from that found in the 28 months of original 
data. 

This objective aid was available to forecasters during 
the 1953 season which, from the standpoint of number of 
tornadoes reported, was one of the worst on record. 
During this period, the objective aid “forecast” tornadoes 
for Georgia for 11 different 12-hour periods and tornadoes 
were reported in 4 of these periods. In 3 of the remaining 
7 cases, tornadoes were reported in eastern Alabama. One 
tornado period in Georgia occurred (3 tornadoes) which 
was not forecast by this method, and one small tornado 
which destroyed a tool shed in eastern Alabama was not 
anticipated by this method. Considering the difficulty of 
predicting any record-breaking weather phenomenon, 
either subjectively or objectively, these results are not too 
disappointing. 

CONCLUSIONS 


It is not expected that this study will solve the tornado 
forecasting problem in Georgia but it is hoped that the 
climatological and statistical data, along with the rules 
which were devised, will be of material aid to the fore- 
casters in this area. In addition, the data will provide a 
much-needed confidence factor in a large percentage of 
the problem situations. Strict adherence to these rules 
can be expected to result in about 2% forecasts of tornadoes 
for every one that occurs (based upon 28 months of origi- 
nal data plus 4 months of independent data) and some 
will be missed entirely. While this number of “alerts’’ is 
somewhat large, it has been estimated that for every 
tornado reported in this area, there is another or perhaps 
even two tornadoes that have occurred in sparsely popu- 
lated areas and consequently were never reported. It is 


hoped that experience in the application of these rules in 
actual forecasting will provide some basis for their refine- 
ment and that thereby a considerable improvement in the 
accuracy of severe storm warnings in this area may be 
achieved. 
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As Illustrated by Franconia, Va., Tornado, September 1, 1952 
W. MALKIN AND J. G. GALWAY 


WBAN Analysis Center, U. S. Weather Bureau, Washington, D. C. 
[Manuscript received November 12, 1952; revised manuscript received August 19, 1953 


ABSTRACT 


One of the tornadoes associated with Hurricane Able, 1952, occurred near Washington, D. C., and simultaneously 
with the upper air sounding made there. This led to a comparison between this particular tornado, along with 


others of similar environment, and conditions attributed to tornadoes in general. 


All such tornadoes associated 


with hurricanes have to date been observed only in the forward semicircle or along the advancing periphery of the 
tropical storm. The evidence is strong in favor of time of day having little relation to the occurrence of such tor- 
nadoes. A hypothesis is suggested wherein the weaker or nonexistent cyclonic horizontal wind shear of the environ- 


ment may contribute to the lesser severity of these tornadoes. 


Unlike the typical tornado sounding, the limited 


evidence indicates the absence of (1) a low level temperature inversion, (2) sharp moisture stratification of dry air 


over moist air, (3) excessive instability. 


INTRODUCTION 


Three tornadoes occurred in connection with Hurri- 
cane Able ' as it moved northward during the night and 
early morning of August 31—September 1, 1952 [1]. The 
first occurred the evening of the 31st in Stokes County, 
N.C. The other two struck the morning of the Ist at 
Franconia, Va., at 0330 emt and Potomac, Md., at 0400 
emt. Potomac is about 11 miles northwest of Washing- 
ton, D. C., and Franconia is 10 miles west-southwest of 
Washington. The tornado at Potomac could have been 
the same one which struck Franconia, for it moved toward 
the north-northwest. Details are available for only the 
Franconia tornado. Its path was surveyed on Septem- 
ber 1 by a group of several meteorologists who agreed 
unanimously that there was positive evidence of a tornado 
having occurred. 

A review of the synoptic conditions attending the 
Franconia tornado may be worthwhile because: (1) The 
time of occurrence coincided closely with both the 0300 
GMT upper air soundings and the 0330 Gur surface obser- 
vations. (2) The tornado occurred on the friage of Hur- 
ricane Able. (3) No tornadoes or even severe thunder- 
storms were forecast. (4) The phenomenon of tornadoes 
associated with, or actually imbedded in, hurricanes is 
one of the most difficult and challenging problems facing 
the forecaster. 


OTHER TORNADOES ASSOCIATED WITH HURRICANES 


Tannehill [2] enumerated several tornadoes that were 
associated with hurricanes and Dunn [3] had some fur- 


! According to the intensity limits now in general use, Able, at the time of the Fran- 
conia tornado, should be classed as a tropical storm rather than a hurricane, the maximum 
Surface wind force being over Beaufort 6, but under Beaufort 12 (see [3]). 


276801—53——3 


ther comments concerning such occurrences and addi- 
tional information on location and movement. All the 
tornadoes mentioned by Tannehill and Dunn have been 
grouped together in the first part of table 1. More 
recent tornadoes associated with hurricanes, as extracted 
from the Monthly Weather Review, are given in the second 
part of the table. 

Dunn [4] claims “information is not available as to 
whether any particular quadrant is preferred,” and 
Showalter [5] states they occur “in the dissipating stages 
of the storm overland” and quotes Mitchell, “in the right 
rear quarter of the tropical cyclone.’”’ However, the in- 
formation in the remarks column of table 1 bears out the 
original statement by Tannehill [2], except for slight 
modification, namely, that this class of tornadoes has 
been observed only in the forward semicircle or along the 
advancing periphery of hurricanes. 

Brooks [6] states that “over 80 percent of the tornadoes 
occur between noon and 9 p. m.” In contrast, there 
appear to be sufficient reports of the time of occurrence, 
as listed in table 1 to warrant a tentative conclusion that 
the time of day has little relation to the occurrence of 
tornadoes associated with hurricanes. They are, of course, 
mostly outside the usual tornado season. 


THE FRANCONIA TORNADO 


A portion of the surface chart for 0330 Gur, September 
1, which was practically coincident with the Franconia 
tornado, is shown in figure 1. The distribution of wind, 
precipitation, and other meteorological elements was 
typical for a tropical storm in this situation. At the 
time of the tornado, the speed of the storm center had 
increased to approximately 16 knots. This particular 
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TABLE 1.—Tornadoes associated with hurricanes 


Place 


Date 


Time 


Remarks 


(Compiled from Tannehill (2) and Dunn [3]) 


Charleston, §. C....... 
Charleston, 8. C....... 


Moved E. to W., same 
direction as hurricane 


All these moved from SE. 
Ft. Lauderdale, Fla...) Sept. 28, 1929___. to NW. in direction of 
Miami, do...........| No times avail- |} hurricane winds at the 
Stuart, | do.....--..--|f able. time. They possibly 
Boca Raton, developed over the 
ocean as waterspouts. 
At least one moved E. to 
a Oct. 4, 1933...... Midnight and W. while hurricane was 
Hollywood, Fla_.......|.....do...........|p early morning moving NE. Torna- 
Ft. Lauderdale, Fla. ..|.....do..........-. of 5th. does in NW. quadrant 
of hurricane. 
(Extracted from Monthly Weather Review) 
Melbourne, Fla........| Jume 24, 1945....| 0257 Est.........| Along forward edge of 
hurricane. 
Houston, Tex..........; Aug. 28, 1945....| 2320 cst.........| Hurricane center 60 miles 
oo of Houston at the 
ime. 
Pilot, Wie....x.ces<n<- Oct. 11-12, 1947..| Night of 11th | Within northeastern por- 
tion of hurricane. 
0 
Appalachicola, Fla_...| Sept. 19, 1947....| 0030 Est.........; On periphery of hurricane. 
Sept. 23, 1947....| 0430 EsT........_- On northern edge of hurri- 
cane. 
Jacksonville, .| 0900 to 1100 | Onnorthern edge of hurri- 
EST. cane. 
Homestead, Fla. Sept. 21, 1948_.__| No time given--- in NE. sector of 
urricane. 
Ft. Lauderdale, Fla__.| Oct. 5, 1948...._- Late afternoon | In forward edge of hurri- 
and early cane. 
evening. 
Appalachicola, Fla....| Aug. 30, 1950....| 1705 Est.........] Occurred in NE. quad- 


rant of hurricane, 
moved toward the NW. 
Jackson County, Fla..| Aug. 31, 1950....| Early morning_.} Occurred in NE. quad- 


rant of hurricane. 
Stokes County, N. C_.| Aug. 31, 1952_...| Evening... 
Franconia, Va_......_- Sept. 1, 1952_...- 0330 GMT......--. Along NErn fringe of hur- 
ricane; mov tow 
the north-northwest. 
Tornado at Potomac, 
Md., 0400 GMT may 
have been continuation 
of this one. 


tornado seems to bave occurred just outside the circula- 
tion of the tropical storm, in contrast to others that, in 
the past, have been reported well within the hurricane 
circulation. Note that the strongest surface winds 
along the periphery of the storm were observed to the 
northeast of the center. 

A section from the corresponding 850-mb. chart is 
shown in figure 2. While the wind data are more sparse 
than usual on account of the storminess, the southeast 
wind of 45 knots at Andrews Field, Washington, D. C. 
(ADW), is the strongest in the neighborhood. It sug- 
gests the possibility of somewhat stronger anticyclonic 
horizontal wind shear in the area immediately to the 
northeast of Andrews Field, compared to other nearby 
points and, correspondingly, the least anticyclonic or 
even possibly some weak cyclonic horizontal shear just 
southwest of Andrews Field. The shear of the wind 
was selected for emphasis because many authors have 
associated shear with the formation of tornadoes. For 
example, Showalter [5] in speculating on the surface 
synoptic conditions accompanying tornadoes, mentions 
the prevalence of either cyclonic horizontal wind shear 
or cyclonic vorticity at the top of his list. Tepper [7] 
also postulates that a “zone of wind shear’ would be 
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Fiaure 1,—Portion of surface weather chart for 0330 Gut, September 1, 1952. Location 
of Franconia, Va., is indicated by solid triangle. 


FIGURE 2.—Portion of 850-mb. chart for 0300 Gmt, September 1, 1952. Solid lines are con 
tours at 100-ft. intervals, Jabeled in hundreds of geopotential feet. Wind barbs show 
speed in knots (half barb=5 knots, full barb=10 knots, pennant=50 knots). 


favorable for tornado formation. He indicates further 
[8] that his pressure jump hypothesis of tornado origin 
postulates a zone of “sharp wind shear,” usually but not 
necessarily cyclonic wind shear, and that such shear is 
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perhaps “only one of several mechanisms which may 
produce tornadoes.” 

Horizontal wind shear is involved in the definition of 
relative vorticity {9], as given by the equation 


“where V is the wind velocity, r the radius of curvature 
of the streamlines (r being positive in cyclonically curved 
motion), and » measures length along an axis at right 
angles and to the left of the wind direction.” When 
the right member of the equation is positive, the vor- 
ticity is cyclonic. Now the curvature term, V/r, will 
be positive when the isobars or streamlines are curved 
cyclonically because, by definition, the radius of curva- 


ture is then positive. But the shear term, (- dn)? may 


be negative in the case of a hurricane where, within a 
considerable portion of the storm, velocities increase on 
approaching the center. The resulting relative vorticity 
may then be negative or positive, depending on the 
magnitudes of the shear and curvature terms, as can 
also be seen from the following example. Referring to 
figure 1, Richmond, Va., happened to be approximately 
100 miles from the storm center and had a surface wind 
force of Beaufort 6, or about 30 mph. These values 
give +0.3 per hour, approximately, for the V/r term. 
If then, 0V/On at Richmond had been greater than 0.3 
per hour, the relative vorticity would have been negative 
or anticyclonic, rather than cyclonic. If it is true that 
cyclonic horizontal shearis actually one of several con- 


FIGURE 3.—Portion of 700-mb. chart for 0300 Gmt, September 1, 1952. Solid lines are 
contours labeled in hundreds of geopotential feet. Wind barbs show speed in knots. 
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ditions contributing to tornado formation, then the lack 
or lesser degree of such shear within portions of a hurri- 
cane may help to explain the impression, generally held 
by some forecasters [10], that tornadoes associated with 
hurricanes are less severe than others. We seem to 
have here another, even though remote case, as stated 
by Sutcliffe and Forsdyke [11], where “variations in 
vorticity due to shear are often as important as varia- 
tions due to curvature .. .” 

Conditions at the 700-mb. level (fig. 3) corresponded to 
those at 850 mb. and at the surface, with the greatest 
crowding of the contours and the strongest winds and 
wind shear being observed in the sector to the east- 
northeast of the storm center. 

The sounding at Washington, D. C. (fig. 4), taken just 
prior to the occurrence of the tornado, is similar to 
soundings taken as a hurricane approaches (c. f. [4]). 
Furthermore, the temperature curve compares closely 
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FicuRre 4.—Upper air sounding at Washington, D. C. (solid lines), 0300 owt, September 
1, 1952 (the time of the Franconia tornado) and typical mT air mass sounding at Wash:- 
ington (dotted lines) based on mean data from the summer of 1936 [12]. A dry adiabat 
(@=300° A) and a moist adiabat (@.—362.6° A) are given for reference. 
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with the mean values for mT air in the summer of 1936 
at Washington (fig. 4), as given by Berry, Bollay, and 
Beers {12]. The air was somewhat more humid than 
typical mT air, as would be expected in view of the deep 
cloud deck that prevailed at the time. 

We next compare the sounding that is representative of 
the Franconia tornado with a mean tornado sounding, as 
given by Showalter [5] or Fawbush and Miller [13]. 
Actually, the differences between the two mean soundings 
are not significant, because Showalter presented his 
sounding as a typical one, not based on statistical averages 
[14]. It is of interest to note, in this regard, that the 
values of the various properties at the selected points, 
taken from the individual tornado soundings presented 
, by Showalter [5], when averaged, compare very closely 
ne with the mean values obtained statistically by Fawbush 
and Miller. 

Unlike the mean tornado sounding, as described by 
Fawbush and Miller (fig. 5), the Washington sounding 
. indicates that: (1) There was no evidence of a low level 
"%4 temperature inversion, (2) there was no moisture stratifi- 
. cation of dry air capping moist air, (3) the air did not 
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Ficure 5.—Comparison of the Fawbush-Miller mean tornado sounding [13] (heavy 
lines) and the Washington, D. C., sounding at the time of the Franconia tornado, 
0300 amt, September 1, 1952 (thin lines), plotted ona U.S. A. F. skew T, log p diagram. 
Solid lines are temperature and dashed lines wet-bulb temperature. A dry adiabat 
(@=295° A) and a moist adiabat (@.=343.5° A) are given for reference. 
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appear to be excessively unstable. Some elaboration op 
point three follows. 

The Showalter Stability Index [15] computed from the 
Washington sounding gave a value of zero which, while 
generally associated with sufficient instability for the 
occurrence of air mass thunderstorms and also thunder. 
storms produced by mechanical lifting, was relatively fay 
from the value of —6, which has been “considered g 
reasonable criterion for an air mass in which tornadoes 
may occur” [16]. From figure 5, we observe that the 
lapse rate of the wet bulb temperature exceeded the 
saturated adiabatic lapse rate, particularly in the stratum 
from 1,000 mb. to 850 mb., and to a lesser degree in the 
850-mb. to 700-mb. layer. These two strata, therefore, 
exhibited convective instability. A low level of free 
convection (LFC) is generally deemed to be associated 
with tornadoes. For the Franconia situation, the LFC 
was low being found at 840 to 875 mb., depending on the 
extent of the bottom stratum through which the mixing 
ratio is averaged; the humidity value was in the neighbor- 
hood of 15.5 gm. per kg. Some further evidence for 
instability was indicated by the thunderstorm reported 


PRESSURE (MILLIBARS) 
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TEMPERATURE (°C) 


Ficure 6.—Upper air sounding at Hatteras, N. C., 1500 emt, August 31, 1952. Solid 
line is temperature and dashed line wet-bulb temperature, A dry adiabat (@=300° A) 
and a moist adiabat (@=362.6° A) are given for reference. 


] 
\ 4a 
Vv a 
4 
\ \ > \ 
‘ \ | YS 
: \ | \ 
\ \ 
|| 
/ \ \\7 | 
\ \7 \ 
N 
\\ | 
\\ 
1000 


gepTeMBER 1953 


by Washington, D. C., to be south moving northeast, 
during a 9-minute interval, 0243 to 0253 amr, September 1. 

Latour and Bunting [17] have proposed that tornadoes 
may be associated with ‘‘wave”’ disturbances on the spiral 
bands within a hurricane—that such waves are caused by 
the intrusion of colder and drier air into the storm. 
Although the sounding at Washington (fig. 4), does not 
show any intrusion of dry or cold air, the sounding at 
Hatteras, N. C., at 1500 amr, August 31, shows that the 
air was somewhat colder and significantly drier earlier 
and upstream (fig. 6). We do not consider that our data 
are of sufficient detail to test the hypothesis of Latour 
and Bunting. 


CONCLUSION 


These brief notes have indicated that several features, 
known to be associated with ordinary tornado conditions, 
are less evident or even absent in the case of tornadoes 
associated with hurricanes. 
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THE WEATHER AND CIRCULATION OF SEPTEMBER 1953° 


Another Dry Month in the United States 


WILLIAM H. KLEIN 
Extended Forecast Section, U. S. Weather Bureau, Washington, D. C. 


THE DROUGHT 


During the summer of 1953 drought conditions devel- 
oped in many portions of the United States. In June 
Texas and neighboring States were most severely 
affected [1]. During July North Carolina and Virginia 
had the greatest deficiency of precipitation [2]. In August 
Tennessee and Indiana had the least percentage of normal 
rainfall of any State in the Nation [3]. For the summer 
as a whole, however, Missouri had the greatest deficit of 
moisture by a wide margin. Figure la show sthat state- 
wide precipitation in Missouri during June, July, and 
August of 1953 averaged only 44 percent of normal. This 
map illustrates the widespread nature of this summer’s 
drought since it shows subnormal rainfall amounts in 
about three-fourths of the States. 

During September the nationwide dry spell intensified. 
The weighted precipitation average for the United States, 
an index computed from statewide precipitation amounts 
weighted according to the area of each State, was only 
1.54 inches, nearly an inch less than the September 
normal and the third lowest on record (beginning 1893). 
This was also the fourth consecutive month with the 
Nation’s weighted precipitation average below the 60-year 
normal. Practically all portions of the country except 
the Southeast and the Northwest Coast had below 


1 See charts I-X V following p. 317 for analyzed climatological data for the month, 


normal rainfall during the month, with less than one- 
fourth of the normal amount in most of the area west of 
the Mississippi River (Chart III-B). Figure 1b shows 
subnormal precipitation in all but six States during 
September. The driest State of the Nation, on both an 
absolute and relative basis, was Arizona whose average 
rainfall of 0.02 inch was only 1 percent of the normal 
amount and the lowest on record for September. In 
Missouri the summer drought condition became aggra- 
vated still further during September, when statewide 
rainfall averaged only 29 percent of normal. Springfield, 
Mo., with only 2.52 inches of rain from June 1 to October 3, 
reported the driest four consecutive months in its weather 
history and an accumulated precipitation deficiency of 
22.71 inches over a 22-month period. As a result of the 
prolonged and widespread nature of the dry spell, the 
Mississippi River reached its lowest level in history on 
October 5 at Memphis Tenn. 


RELATED CIRCULATION FEATURES 


The 700-mb. circulation responsible for September’s dry 
weather is illustrated in figure 2. This chart shows a 
well-defined sinusoidal wave pattern over the Pacific and 
North America consisting of abnormally strong ridges in 
the west central Pacific and western North America and 
deeper than normal troughs in the eastern Pacific and 
eastern North America. The degree of unusualness of 
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Ficure 1.—Total inches (upper figure) and percentage of normal precipitation (lower figure) by States during (a) summer, June-August, of 1953, (b) September 1953. Rainfall 
was greater than normal (shaded) in only 11 States during the summer season and 6 States during September. For the entire 4-month period Missouri had the greatest mois- 
ture deficiency, 
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Ficure 2.—Mean 700-mb. height contours and departures from normal (both in tens of 
feet) for September 1-30, 1953. Northerly components of anomalous flow (parallel to 
dashed lines) in most of the United States produced prevailingly dry weather (fig. 1b) 
by preventing entry of moisture from the Gulf of Mexico, | 


these features may be derived from figure 3 which gives 
the geographical distribution of the standardized departure 
from normal of monthly mean 700-mb. height. It was 
computed at standard intersections by dividing the 
observed height anomalies shown in figure 2 by their 
respective standard deviations (computed from September 
mean 700-mb. charts for the period 1933 to 1951). Al- 
though the departures in figures 2 and 3 are the same in 
sign, their magnitudes differ because of the large variation 
of standard deviation from place to place. For example, 
negative height anomalies of —110 ft. in the Upper Lakes 
region and —50 ft. in Florida in figure 2 both correspond 
to standardized departures of —1 unit in figure 3. The 
largest height departure on the map, +290 ft. in mid- 
Pacific, was 2.5 standard deviations above the normal 
value. If we assume random sampling from a normally 
distributed population without serial correlation from one 
year to the next, then the probability of obtaining a 
positive standardized departure from normal of this 
magnitude or larger is about 1 in 100. This month’s 
positive height anomalies in the southwestern United 
States were also extremely unusual. Although less than 
half of the positive anomaly in mid-Pacific in absolute 
magnitude, their standardized departure (+2.0 units) 
was almost as great. Making the assumptions previously 
stated, we may conclude that mean 700-mb. height 
departures from normal as large or larger than those 
observed this month in the Southwest would be expected 
to occur by chance in that area only about 3 times in 100 
in September.? 


? All probabilities were estimated by entering’a table of “Student's t” distribution with 
18 degrees of freedom. 
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Ficure 3.—Departures from normal of monthly mean 700-mb. height for September 
1-30, 1953, in standard deviation units. Positive height anomalies in the ridge in the 
western United States (fig. 2) corresponded to standardized departures of as much as 2 
units and therefore to probabilities of chance occurrence of approximately 3 in 100. 


Between the unusually strong ridge in the western 
United States and the deeper than normal trough complex 
near the east coast abnormally strong northwesterly 
winds covered most of the country. Likewise at sea level 
the anomalous flow components were mostly from a 
northerly direction (Chart XI inset). This circulation 
prevented appreciable northward transport of moist 
tropical air from the Gulf of Mexico but instead carried 
dry polar air across the country in repeated surges. It 
was also probably accompanied by considerable horizontal 
divergence and thus was unfavorable to cyclonic develop- 
ment. It has long been known that northwesterly flow at 
700 mb. between a ridge in the Western United States and 
a trough in the East favors dry weather, particularly 
during the cooler part of the year (for recent studies sub- 
stantiating this concept see [4] and [5]). The effects of 
this type of circulation were well illustrated in October 
1952, the driest month on record in the United States and 
one with a circulation quite similar to this month’s but 
even more extreme [6]. 

During the summer season, on the other hand, when 
wind speeds and wave lengths are smaller than in winter, 
drought is generally found below a strong warm High, the 
great North American high level anticyclone first described 
by Reed [7]. This continental High is usually accompanied 
by a fast stream of westerlies in southern Canada, an 
abnormally strong ridge in the east-central Pacific, and a 
deeper than normal trough along the west coast. As a 
result of this circulation widespread subsidence occurs 
over the United States, with heat and drought the inevi- 
table result if the phenomenon is sufficiently prolonged. 
Good examples of this drought-producing circulation were 
observed early last summér [8] and again this year in both 
June and August [1 and 3]. The same circulation features 
are illustrated in figure 4, which gives the seasonal mean 
700-mb. map for the three summer months of June, July, 
and August 1953. Note particularly the presence of 
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stronger than normal ridges in the Mississippi Valley and 
eastern Pacific separated by a deep trough along the west 
coast. Figure 4 also shows that during the summer, as 
well as in September, moist tropical air was prevented 
from entering the United States by anomalous flow from 
the northeast all along the coast of the Gulf of Mexico. 
Since September is a transition month, its circulation 
during 1953 retained some of the drought-producing char- 
acteristics of the summer type, in addition to its dry 
wintertime aspects previously described. For example, a 
well-developed High was centered over Texas at the 700- 
mb. level (fig. 2). To the north a belt of strong westerly 
winds stretched along the border between the United 
States and Canada, at both 200 mb. (fig. 5) and 700 mb. 
(fig. 6a). Monthly mean wind speeds were greater than 
the normal 700-mb. wind speed throughout this zone by as 
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Ficure 4.—Mean 700-mb. height contours at 100-ft. intervals (solid lines) and departure 
from normal at 50-ft. intervals (dashed lines) for June 1-August 30, 1953. The summer 
drought (fig. la) was most severe under and east of the stronger than normal ridge in the 
Mississippi Valley. 
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Ficure 5.—Mean 200-mb. contours (in hundreds of feet) and isotachs (in meters per 
second) for September 1-30, 1953. Solid arrows indicate the average position of the jet 
stream, which corresponded closely with the position of the axis of maximum wind 
speed at 700 mb. (fig. 6a). 
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much as 10 m. p. h. in the Northern Plains and Pacific 
Northwest (fig. 6b). This “high index” condition pre- 
vented deep cold air masses from penetrating the country 
and therefore minimized the opportunity for intense 
cyclonic developments and accompanying precipitation, 
South of the westerly jet stream strong anticyclonic shear 
contributed to the stronger than normal anticyclonic 
vorticity which covered most of the United States at the 
700-mb. level (fig. 7). At the same time cyclonic vortic- 
ity was more intense than normal in most of Canada. 
Concomitantly, migratory daily cyclones were abundant 
in Canada but less frequent in the United States (Chart 
X). Anticyclones, on the other hand, traversed the United 
States at frequent intervals during the month (Chart IX), 


The only part of the United States where an above nor- 
mal influx of moist air is indicated by the monthly mean 
circulation is the Southeast where winds were somewhat 
more southerly and easterly than normal at both 700 mb. 
(fig. 2) and sea level (Chart XI inset). In this region heavy 
rains fell, as much as three times the normal amount in 
parts of Florida, Georgia, and Alabama (Chart III). 
Statewide precipitation in Georgia averaged more than 
twice the normal amount (fig. 1b). Much of this rainfall 
occurred during the passage of several tropical disturb- 
ances (Chart X). The most intense of these was Hurri- 
cane ‘Florence’ which originated in the Caribbean on 
September 23 and entered the mainland of the United 
States over northwestern Florida on the 26th attended by 
winds of 90 m. p. h. and rainfall of as much as 12 inches. 
Additional aspects of the monthly mean charts indicative 
of heavy rain in the Southeast are below normal pressures 
and a well-defined easterly wave at sea level (Chart XJ), 
below normal heights in a sharp trough at 700 mb. (fig. 
2), and more cyclonic vorticity than normal at 700 mb. 


(fig. 7). 
TEMPERATURES 


The pattern of surface temperature anomalies during 
September in the United States (Chart I-B) was typical 
of that found during predominantly dry weather in the 
cooler months. Above normal temperatures prevailed 
throughout the western half of the country underneath 
the ridge aloft, while mostly below normal temperatures 
occurred beneath the trough conditions over the East. 
Such a distribution of temperature and height is unfavor- 
able for cyclonic development and hence for precipitation. 
This simple pattern of temperature anomaly (warm in 
the West, cool in the East) was complicated by the 
presence of a stronger than normal belt of westerlies 
along the northern border of the United States (fig. 6). 
As a result of this “high index’? condition, cold polar 
anticyclones from Canada were unable to penetrate the 
United States to any appreciable extent (Chart IX). 
At the same time maritime tropical air was effectively 
shut off by prevailingly northerly flow along: the Gulf 
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Coast. Most of the country was therefore dominated by 
air masses of Pacific origin throughout the month. This 
air was relatively mild since sea surface temperatures are 
normally high during September. As a result temperatures 
during the month averaged above normal in all the 
northern border States. Only in the Southeast, where 
normal temperatures are still quite high during September, 
were the polar Pacific air masses cool enough to result in 
below normal temperatures for the month as a whole. 
Cool weather in this area was also associated with below 
normal sunshine (Chart VII) and solar radiation (Chart 
VIII) combined with excessive cloudiness (Chart VI) 
and precipitation (Chart ITT). 

Many high temperature records were broken during 
the month. The intense heat wave in the Northeast 
during the first few days of September was discussed in 
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last month’s article [3]. Another record-breaking heat 
wave occurred during the last week of the month. Tem- 
peratures soared as high as 105° F. on September 28 in 
Concordia, Kans., and Fort Worth, Tex., while 102° was 
reported by St. Louis, Mo., the next day. Temperatures 
in Dallas, Tex., and Springfield, Mo., were a full 9° 
higher than ever before recorded so late in the season as 
September 28. It is interesting to note that this was the 
fifth consecutive month characterized by a severe heat 
wave in a large portion of the eastern half of the United 
States during the last week of the month. Additional 
weather highlights of September included destructive 
typhoons in Japan and Indochina on the 26th, gales in 
the eastern Atlantic on the 22d, and a hurricane in 
Bermuda on the 18th. 
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Figure 7.—Mean relative geostrophic vorticity at 700 mb. (a) and departure from 


normal vorticity (b) (both in units of 10-* sec~') for September 1-30, 1953. Greater 
than normal cyclonic vorticity (shaded) prevailed in the Southeast where precipitation 
was heavy (fig. 1b), but greater than normal anticyclonic vorticity (negative values 
was accompanied by dry weather in most of the remainder of the United States. 


FIGURE 6.—Mean 700-mb. isotachs (a) and departure from normal wind speed (b) (both 
in meters per second) for September 1-30, 1953. Note stronger than normal wind speeds 
(shaded) along the northern border of the United States, associated with prevailingly 
warm, dry weather in the country. 
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SOME ASPECTS OF CYCLOGENESIS IN THE GREAT LAKES REGION, 
SEPTEMBER 11-12, 1953 


ABE ROSENBLOOM AND EARL F. ROBINSON 
WBAN Analysis Center, U. S. Weather Bureau, Washington, D. C. 


INTRODUCTION 


The cyclogenesis in the Great Lakes region during 
September 11-12, 1953, while not of record-breaking 
proportions, is nevertheless a good example of the 
usual cyclonic development that the average forecaster 
encounters. 

Using the objective intensity criteria proposed by James 
[1], this Low, during the period in which we are primarily 
interested (0300 amr, September 11 to 1500 amr, Sep- 
tember 12), was of “normal” intensity except at the 
beginning of the period when it was of “low” intensity. 
It did not enter James’ classification of “intense” until 
shortly before it left the east coast of Canada. 

Classification of this Low by James’ method tells only 
part of the story, as this storm did deepen 15 mb. in a 
24-hour period while in the Great Lakes area, and is 
therefore worthy of study. 

In order to avoid confusion, this low pressure system 
will often be referred to by the name Delta, taken from 
the ICAO phonetic alphabet, a practice similar to that 
recently used by Malkin and Holzworth [2]. 


LARGE SCALE SYNOPTIC FEATURES 


The 500-mb. chart, because of its strategic position in 
mid-troposphere, is well suited to present the large scale 
features of the atmosphere. It will, therefore, be used in 
describing the atmospheric processes occurring before and 
during the period of primary interest. 

In the Atlantic, a closed Low near 45° N. latitude first 
appeared as a separate entity in the vicinity of 35° W. 
longitude through cyclogenesis in the southern portion of 
a trough oriented N-S along eastern Greenland on the 
0300 amr map of September 6, 1953. This Low drifted 
slowly southward (5 degrees) during the next three days 
and then moved northwestward, filling, and finally by 1500 
cmv on the 11th becoming absorbed in a vigorous cyclonic 
circulation over the Newfoundland area. This Newfound- 
land Low then drifted east-northeastward to the British 
Isles. In the meanwhile in the southern Atlantic a 
tropical Low developed in the Puerto Rico area, and by 
the 9th it had become a system of hurricane portent. 


This was hurricane “Dolly”. The trajectory of the storm 
had crossed Bermuda by 0630 amr of the 12th. 

The Atlantic High during the period of these occur- 
rences was generally quite subdued, and its axis was 
located in relatively low latitudes. 

The predominant feature in the Pacific from about the 
5th through the 13th was a well developed low pressure 
system in the Guif of Alaska with various attendant minor 
troughs sweeping across the eastern Pacific onto the North 
American continent. The Pacific High, insofar as the 
eastern part of that ocean was concerned, was never very 
dominant during this period. 

The eastern portion of the North American continent 
was under mean trough domination from about the 7th 
through the middle of the month. The pressure pattern 
of the western portion of the continent during this period 
was essentially that of a stationary major ridge with minor 
troughs moving over it. 


THE BIRTH OF DELTA 


On the 9th, at about 1230 amt, a small Low of 1003-mb. 
intensity with a partially occluded frontal system entered 
western Canada at latitude 53° N. The Low then moved 
northeastward and in six hours filled 9 mb. The trajectory 
thereafter was southeastward to the vicinity of The Pas, 
Manitoba, where it disappeared as a closed circulation by 
1830 emt of the 10th. Almost simultaneously a new weak 
center formed farther southward in the northwestern 
North Dakota area on the accompanying frontal system. 
This was Delta, a 1013-mb Low. Delta’s subsequent path, 
together with the surface synoptic situation for 0030 amr 
on the 11th, is shown in figure 1. For the development in 
the system 36 hours later, see figure 2. 


THE THICKNESS PATTERN ABOVE THE CENTER OF 
DELTA 


As we are primarily concerned with the deepening 
aspect of Delta, a study was made of the behavior of the 
thicknesses between the standard layers (1000-850 mb., 
850-700 mb., 700-500 mb., 500-300 mb., 300-200 mb.) 
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FicureE i.—Surface chart for 0030 cmt, September 11, 1953. Isobars (solid lines) drawn for 6-mb. intervals. Surface 6-hourly storm track dated at che 1230 emt positions. 500-mb 
rt center track dated at 1500 Gat positions. 


| 
100% 101g 1020 


FiGureE 2.—Surface chart for 1230 Gut, September 12, 1953. 


above the sea level ! center as it moved along its trajectory. 
The behavior of the 200-mb. surface (above the center of 
the 1000-mb. Low) can also be studied in conjunction with 


1 Since the low center on the 1000-mb. chart can be assumed to be almost vertically 
located with respect to the sea level Low, any geographical reference to the position of 
the Low can be applied to that of the sea level or the 1000-mb. Low indiscriminately. 


these layers if one bears in mind that a decrease (or in- 
crease) in its height is in effect synonymous to an increase 
(or decrease) of the thicknesses of the layers below it. 
This technique is similar to the one used by Vederman [3] 
in his study of rapidly deepening extratropical storms. 

The contribution of the 200-mb. surface and the various 
layers below it to the deepening of the sea level Low are 
illustrated in figure 3. A layer which becomes thicker 
(warmer) with time is considered to be a contributing 
layer while a layer which becomes thinner (colder) is 
considered to be a noncontributing’* layer. Wherever 
any curve on this graph slopes downward with increasing 
time, the layer associated with this curve is a contributing 
layer. On the other hand, wherever a curve slopes upward 
with time, it is a noncontributing layer. 

From this graph one can readily note that all the layers 
below 300 mb. could be classified as noncontributing 
throughout almost the entire period graphed. The 
300-200-mb. layer contributed most of the time. The 
200-mb. surface, however, made the most significant con- 


2 It should be noted that henceforth in our meteorological usage of the term “non- 
contributing” we are extending its denotation to include “negatively contributing” (i. ¢- 
favoring the filling of the sea level low center). 
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FicurE 3.—Graph of thicknesses between mandatory levels and heights of 1000-mb. 
and 200-mb. surfaces above Delta. The ordinates of the thickness curves were in- 
verted so that when a line slopes downward it indicates a contribution to a pressure 
fall at the surface. As the analyses were restricted to charts actually analyzed by the 
WBAN Analysis Center, the 1900-850-mb. and 850-700-mb. thicknesses are not con- 
tinued beyond 1,500 GmT on the 14th when the Low was located north of the 850-mb. 
map base. 
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tribution to the deepening (especially during the critical 
period of 0300 cmt on the 11th to 1500 car on the 12th). 
Even during that portion of the time when the 1000-mb. 
surface Low was not deepening, the 200-mb. height curve 
was still conspicuous by its downward slope. The behavior 
of the several layers and the 200-mb. surface in the case 
of Delta agrees quite well with the results obtained by 
Vederman [3] for the average behavior of deepening Lows 
even though Delta, unlike the Lows selected by him, was 
hot a winter case nor did it maintain a rate of deepening 
of 10 mb. or more per 24 hours throughout the entire period 
indicated in figure 3. 

Another method for studying the behavior of a moving 
Low would be to graph the values of the 24-hour layer 


MONTHLY WEATHER REVIEW 311 


490 =< 
125MB) Height 
724 
176.8—125MB Thickness 
205 
724 
2 250 —176.8MB Thickness: 
744 
353.6+ 250MB Thi 
= 500)—353.6MB Thickness 
=», j 
— 107.1—500MB-Thickne 
= 
a. VW 
92 - 
| | 
N 
oO. 


DATE — TIME(GMT) 


Ficure 4.—Graph of thicknesses between selected levels and heights of 1000-mb. and 
125-mb. surfaces over Sault Ste. Marie. Asin figure 3, ordinates of the thickness curves 
were inverted so that when a line slopes downward it indicates a contribution to a 
pressure fall at the surface. Dashed lines represent linear extrapolation through times 
of missing data. 


thickness changes and the 200-mb. height changes above 
the moving 1000-mb. low center as ordinates against 
time as the abscissa. In a graph of this type, from the 
nature of the slope of the curve, we can obtain information 
about the changing behavior with time of the local thick- 
ness (or height) tendency above the center of the moving 
1000-mb. Low. 

A graph of this type resembles somewhat in its nature 
the meteorological picture the forecaster gets when he 
examines successive height change charts for constant 
pressure maps. The results obtained by plotting such 
curves are in general different from those shown in figure 3. 
The graph itself is not presented in this article; its essence, 
however, is illustrated by table 1. 
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Fiaure 5.—Cross section at 0300 Gut, September 11, 1953, analyzed for temperature (solid lines) and isotachs of actual wind speed (dashed lines). Fronts and tropopause are 
in heavy solid lines. 
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FicuRrE 6.—Cross section at 1500 Gut, September 12, 1953. a 
9 
In this table whenever any given value in any thickness occasion at an increasing rate in advance of any noticeable 
change column represents an algebraic increase over the 1000-mb. deepening. Another interesting aspect is that 
value immediately above it, then that layer is contributing the 500-300-mb. layer was essentially a “hostile” layer 
at an increasing rate (or is noncontributing at a decreasing insofar as any deepening of Delta was concerned. 
rate) to the deepening of the 1000-mb. Low. An algebraic 
decrease in successive values in a height change column SAULT STE. MARIE TIME STUDY 
would indicate contributing at an increasing rate (or non- In the discussion thus far, we have been concerned < 
contributing at a decreasing rate) to the deepening of the solely with the behavior of certain atmospheric parameters N 
1000-mb. Low. determined immediately above the center of the moving — |_ 


Perusal of this table gives a new perspective of the Low. A different approach would be to study the chang- 
situation. It shows, among other things, that in the ing behavior with time of some atmospheric property | 
case of Delta the 200-mb. surface was still a “friendly” above a fixed point on this 1000-mb. chart. 
level for sea level deepening and contributed on one The property selected was the local tendency of the 
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FIGURE 7.—36-hour cross section change at 1500 Gut, September 12, 1953, analyzed for temperature change (solid lines) and wind speed change (dashed lines). 
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ty FIGURE 8.—500-mb. chart for 0300 Gur, September 11, 1953. Height contours (solid lines) are labeled in hundreds of geopotential feet and drawn for 200-foot intervals. Isotherm 
(dashed lines) are drawn for intervals of 5° C. Isotachs (alternate dashes and dots) are in intervals of 20 knots. Jets are in heavy solid lines. 
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Ficure 9.—500-mb. chart tor 1500 Gmt, September 12, 1953. 


TABLE 1.—Computed tendencies above the center of the moving 1,000- 
mb. level Low. Nolte that a vertical arrow indicates the time interval 
during which the tendency of the layer thickness (or constant pressure 
level heights) involved has become either more “favorable’’ or less 
“‘unfavorable’’ to the deepening of the 1000-mb. level Low. 


| 24-hour changes above center of Low at times given 


Date | mb. | | 

time | height | jo99. | _1000- 850- | 700- | 500- | 300- 

| (Low 850-mb. 700-mb. 500-mb. 300-mb. 200-mb.  200-mb. 
| center) height thick- thick- | thick- | thick- thick- height 
| 8 | ness ness ness ness ness 

110300.....| +270 Fs ng +70 | —10 +20 | +90 +50 +50 
+ 
+240 +40 —20 —10 —70 +100 
L 
120300. +30 | +60 +10 +160 —200 
| | | | 
121500.....| —160 | —590 +70 +30 | 0 | +110 +130 —250 
| 
130300____- | —140 —400 | +20 —70 | +150 | +30 +110 —160 
131500.....| —140 | —340 | +50 | +40 | —130 | —360 | +410 | —390 
140300._...|  —160 —100 +120 +40 | —550 | +310 —650 
L 
141500_. —270 +100 —160 —110 | —280 +50 
— 400 —470 | | +190 —s80 —550 
| 
151500.....|  —430 —500 —200 | —290 +290 —x00 


various layer thicknesses and the 200-mb. level height. 
The “fixed point” selected was Sault Ste. Marie, Mich. 
This place, incidentally, has become famous, meteoro- 


logically speaking, through a study of this type (but 
much more extensive) made some years ago by Penner [4]. 

In both of the previous time studies, a valid objection 
that can be raised is that the various layers in the atmos- 
phere are not being compared on any impartial or equal 
basis. For example, the 1000-850-mb. layer is compared 
in its behavior with the 500-300-mb. layer which both 
weighs more and is always much thicker. There are 
various remedies possible. One would be to make the 
comparison on a basis of layers of equal weight. This 
method would be especially easy to apply if the radiosonde 
code required transmission of data for every 100 mb. of 
pressure (such as the British System). Another method 
would be to compare layers of equal thickness. This 
method, of course, was more feasible when ‘constant 
height” surfaces were in vogue. 

A third available method for comparison would be t 
divide up the atmosphere with successive constant pressure 
surfaces in such a manner that the ratio of the pressure of 
the bottom bounding surface to that of the upper bound- 
ing surface for any one layer would be equal in magnitude 
to the corresponding ratio for any other layer. In such 
system of layers a unit change in mean virtual temperature 
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Figure 10.—36-hour 500-mb. prognostic chart (solid lines) verifying at 1500 cmt, Septem- 
ber 12, 1953, using Fjgrtoft integration technique. Dashed lines represent the magni- 
tude of verifying contours minus prognostic contours in hundreds of geopotential feet 


of any layer would be associated with the same fixed mag- 
nitude of thickness change. 

In a division of the atmosphere into layers on this basis, 
it might be considered advantageous that certain specific 
pressure surfaces be retained. Two such surfaces are the 
1000- and the 500-mb. levels. It is also desirable in this 
proposed division that the lower layers be thick enough so 
that there be no loss or damping out of significant de- 
tails. These criteria are satisfied in a division of the at- 
mosphere into layers bounded by the pressure surfaces 
1000, 707.1, 500, 353.6, 250, 176.8, 125mb., etc. The ratio 
of any two successive surfaces is always /2. 

By interpolating the radiosonde data from Sault Ste. 
Marie, it was possible to graph the values of thickness of 
the various layers against time. For practical purposes 
the upper boundary was limited to 125 mb and accordingly 
acurve of the height of the 125-mb. layer was also plotted. 
This graph is shown in figure 4. An interesting feature 
was the relatively large increase in thickness (warming) of 
the 250-176.8-mb. layer above the station during the time 
interval 0900 emr to 2100 amr of the 12th. During this 
same time interval the 1000-mb. height at Sault Ste. Marie 
had risen about 170 feet. 


CROSS SECTIONAL ANALYSIS 


Figure 5 presents a cross sectional surface for 0300 amr 
on the 11th that extends through Bismarck, N. Dak., St. 
Cloud, Minn., Green Bay, Wis., Sault Ste. Marie, Mich., 
ind Maniwaki, Quebec. From the upper air data, this 
cross section was analyzed for isotherms and isotachs (for 
total wind speed). Fronts and tropopause are also in- 
cluded. A second cross section for the same location was 
constructed for 1500 amr on the 12th, figure 6, so that the 
vertical changes during the 36-hour period could be noted. 

Isotherms on cross sections invariably exhibit too shal- 
low an amplitude for adequate use. In order to emphasize 
for visual purposes the magnitudes of the thermal changes 
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FIGuRE 13.—36-hour 300-mb. prognostic chart verifying at 1500 out, September 12, 1953 
using Fjgrtoft integration technique. Dashed lines represent the magnitude of verify- 
ing contours minus prognostic contours in hundreds of geopotential feet. 200-foot 
intervals are used for greater accuracy in prognosticating the vorticity pattern. 
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during the 36-hour period, a third cross section depicting 
the change in isopleths during the period was constructed 
by graphical differential analysis, figure 7. This chart also 
contains the change in the isopleths of total wind speed. 
With the aid of these charts (especially the third one), 
various features may be noted. 

The tropopause in the vicinity of Green Bay during the 
36-hour period of cyclogenesis had lowered almost 100 mb. 
For simplicity, the tropopause has been drawn as a single 
continuous line. However, at Green Bay the predominant 
tropopause 1500 emron the 12th resembles somewhat better 
in character the Arctic type than it does the temperate type 
of tropopause (fig. 5). This lowering of the tropopause 
had the usual concomitant change: marked warming in 
the lower stratosphere and compensatory cooling in the 
troposphere. Both the positive and the negative isallo- 
therm maxima show a definite lag behind the surface Low 
insofar as the cross section viewed is concerned. 

The maximum center of the isotach (total wind speed) 
change field is situated near the 500-mb. level and is some- 
what to the west of the largest temperature falls at that 
level. This would indicate that in the cross sectional area 
shown the gradient of the 36-hour height falls reached a 
larger magnitude at 500 mb. than at the 300-mb. or 200- 
mb. levels. 


FORECASTING THE CYCLOGENETIC FIELD 


In any post mortem investigation, great care should 
be taken to avoid falling into the pitfalls of the “appar- 
ently’ obvious explanations. It is well to bear in mind 
that an ounce of forecast is worth more than a pound of 
“‘hind-cast’”’. With this in mind two forecasting tech- 
niques are examined for their bearing on the deepening 
of Delta. 

FIORTOFT TECHNIQUE 


A procedure currently in vogue for forecasting the 500- 
mb. chart is the Fjgrtoft [5] graphical method for inte- 
grating the barotropic vorticity equation. This method 
was applied to the 500-mb. chart for 0300 GMT on the 
11th (fig. 8). The verification map (1500 GMT on the 
12th) is indicated in figure 9 and the Fjgrtoft prognostic 
chart (for the same time) is shown in figure 10. In addi- 
tion, a Fjgrtoft prognostic chart was made from the 300- 
mb. chart of 0300 GMT on the 11th (fig. 11); the actual 
map 36 hours later and the Fjgrtoft prognostic chart are 
shown in figures 12 and 13 respectively. 

The results obtained by this technique were rather 
disappointing as a brief study of figures 10 and 13 will 
indicate. However, good results in cyclogenetic cases 
should not in general be expected from use of the baro- 
tropic model. 

SCHERHAG “DIVERGENCE” PRINCIPLE 


The next method that was inspected for “catching” the 
cyclogenesis was one made prominent by Scherhag [6]. 
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FicurE 14.—Composite chart of 1000-300-mb. thickness (solid lines) and 1000-mb' 
heights (dashed lines) for 0300 Gut, September 11, 1953. Heights aud thicknesses ar 
in hundreds of geopotential feet. 


His divergence theorem states that divergent winds must, 
in general, cause a pressure drop at the surface unless 
they are compensated by a strong convergence below, 
(In his treatment of this concept, the divergent “contour 
field” is often substituted for the divergent ‘wind field”) 
An auxiliary requirement for this pressure fall, according 
to Scherhag, is that the isotherms show pronounced di- 
vergence which does not diminish towards the surface 
layer [7]. 

Examination of the charts for 0300 GMT on the 11th 
shows that a divergent contour field existed aloft (figs. 
8 and 11). This field of divergent contours, in fact, ex- 
tended from above the 200-mb. level to below the 850-mb. 
level. In addition, a divergent thermal field also existed 
in this same area (fig. 14). 

Since both requirements appear to have been met in the 
case of Delta, it would seem that the ensuing cyclogenesis 
may be successfully explained by the Scherhag theorem. 
There are, however, some valid objections. As noted by 
Baum [7] there are “mathematical arguments for and 
against the theorem, examples in which the theorem ap- 
pears to be verified and disproven.’’ Cases can be found 
where the divergent contours aloft did not lead to any per- 
ceptible surface pressure falls. In fact, the typical block- 
ing pattern is itself a sort of divergent contour field. In 
addition, the theorem as formulated does not “pinpoint” 
the cyclogenetic area, nor does it enable one through ils 
use to make any quantitative forecast as to the amount 
of sea level pressure fall. It is, therefore, difficult to give 
a definite answer to the question: Has this development of 
Delta been uniquely forecast from the application of the 
Scherhag theorem, or is coincidence also involved? 
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Chart I. A. Average Temperature (°F.) at Surface, September 1953. 
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B. Departure of Average Temperature from Normal (°F.), September 1953. 


a ' 


A. Based on reports from 800 Weather Bureau and cooperative stations. The monthly average is half the sum of the monthly 
average maximum and monthly average minimum, which are the average of the daily maxima and daily minima, respectively. 
B. Normal average monthly temperatures are computed for Weather Bureau stations having at least 10 years of record. 
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Chart III. A. Departure of Precipitation from Normal (Inches), September 1953. 
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B. Percentage of Normal Precipitation, September 1953. 
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Normal monthly precipitation amounts are computed for stations having at least 10 years of record. 
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Chart VI. A. Percentage of Sky Cover Between Sunrise and Sunset, September 1953. 


A. In addition to cloudiness, sky cover includes obscuration of the sky by fog, smoke, snow, etc. Chart based on 
visual observations made hourly at Weather Bureau stations and averaged over the month. B. Computations 
of normal amount of sky cover are made for stations having at least 10 years of record. 
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B. Percentage of Normal Sky Cover Between Sunrise and Sunset, September 1953. 
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Chart VII. A. Percentage of Possible Sunshine, September 1953. 
\. 
B. Percentage of Normal Sunshine, September 1953. 
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A. Computed from total number of hours of observed sunshine in relation to total number of possible hours of 
sunshine during month. B. Normals are computed for stations having at least 10 years of record. 
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